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SUMMARY 

I Ins  volume  contains  the  30  presentations  ami  related  discussions  presented  at  the 
A(iARI)  Aerospace  Medical  Panel  Specialists'  Meeting  on  "Models  and  Analogues  lor  the 
1 valuation  of  Human  Biodynamic  Response.  Performance  and  Protection”,  held  in  Paris. 

I ranee.  (>  10  November  1978.  The  papers  cover  whole  body  kinematic  models  for  the 
prediction  of  body  motion,  as  well  as  spinal  models,  head-neck  models  and  heat  injury 
models  for  the  prediction  of  internal  stress  and  strain  and  injury  probability  under  escape, 
crash  and  windhlast  conditions.  Cardiovascular  models  are  included  to  describe  a.". I 
explain  human  response  to  sustained  acceleration  and  air  combat  maneuvers.  Biodynamic 
models  interpreting  physiological  and  performance  response  as  well  as  human  operator 
control  capability  in  vibration  and  roll  motion  environments  are  also  presented.  Operational 
injury  analyses  as  well  as  laboratory  human  and  animal  response  data  are  discussed  as  a basis 
for  further  model  development  and  validation.  Applications  of  the  models  include  the 
prediction  of  body  motions,  physiological  response  and  injury  probability  under  biodynamic 
stress  and  the  assistance  in  protective  system,  crashworthiness  and  cockpit  design. 

A technical  evaluation  by  the  editor  summarizing  the  main  findings,  conclusions  and 
recommendations  completes  the  Proceedings. 
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PR  IT  ACT 


I lie  design  of  escape  crash  protection  systems  has  for  many  years  relied  on  human, 
animal  and  dummy  testing  to  evaluate  escape  systems,  support  and  restraint  systems,  protec- 
tive helmets  and  cockpit  design.  'I  he  recent  growth  of  civilian  interest  in  automotive  crash 
safety  has  further  intensified  the  need  for  optimized  test  procedures  and  quantitative  injury 
prediction  I he  large  investments  required  lor  this  type  of  research  and  the  rapid  develop- 
ment of  computer  technology  has  led  to  the  use  of  mathematical  models  to  an  increasing 
degree  to  explain  test  results,  guide  experiments,  predict  human  response,  reduce  the  need 
for  ha/anhuis  human  testing  and  interpret  animal  test  results.  Related  biodynamic  models 
describe  biomechanic,  physiological  and  performance  response  to  sustained  acceleration,  air 
combat  maneuvers,  and  multi-dcgree-of-freedom  vibratory  motion  and  buffeting  inputs.  Due 
to  rapid  progress  in  these  fields,  capabilities  and  limitations  of  the  various  analogues  and 
models  are  not  widely  known  and  frequently  are  not  appreciated. 

As  a consequence,  the  Aerospace  Medical  Panel  decided  to  have  at  its  35tl»  Meeting, 

6 10  November  I978  in  Paris,  a specialists’  meeting  devoted  to  a comprehensive  review  of 
advances  in  model  development,  validation  by  response  data  and  practical  model  applications. 
The  results  of  the  meeting  provide  authoritative  guidance  to  the  aerospace  medical,  human 
factors  engineering  and  protection  system  design  community  on  the  proper  use  of  animal, 
dummy  and  mathematical  model  data:  they  also  suggest  new  avenues  for  future  research  and 
practical  applications. 

The  discussions  included  with  the  papers  have  been  edited  by  the  Session  Chairman 
based  primarily  on  tape  recordings  and  notes:  they  were  not  reviewed  in  final  form  by  the 
discussants  or  the  authors.  The  conclusions  and  recommendations  in  the  editor’s  technical 
evaluation  report  summarize  the  various  subjects  brought  up  and  discussed  in  the  lively  panel 
discussion  concluding  the  symposium.  An  effort  was  made  to  include  all  points  raised  even 
if  they  might  be  considered  of  different  degrees  of  importance. 


Dr  Ing.  H.F..  von  Gierke 
editor 
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SUMMARY  OF  THE  COMMUNICATIONS 


In  response  to  the  Aerospace  Medical  Panel's  invitation  for  submission  of  papers 
on  the  general  subject  oP  biodynamic  models  as  outlined  In  the  theme,  a large  number  of 
papers  was  submitted  by  academic,  industry,  government  and  military  research  organiza- 
tions from  four  NATO  countries.  In  spite  of  the  fact  that  the  time  for  this  Session  A 
was  extended  to  last  for  two  full  days,  or  two  thirds  of  the  time  of  the  35th  Aerospace 
Medical  Panel  Meeting,  6-10  November  1978  in  Paris,  not  all  papers  submitted  could  be 
accepted.  The  final  selection  included  30  papers  which  promised  to  cover  the  whole 
broad  spectrum  of  biodynamic  models  and  their  applications,  and  which  were  allotted 
different  times  for  presentation  and  discussion  depending  upon  their  Importance  and 
relevancy  to  the  theme.  Several  authors  were  asked  to  start  with  a short  review  of  the 
field  1 r.  addition  to  the  presentation  of  new  research  results  in  order  to  assist  in  pro- 
viding a complete  review  of  the  state  of  the  art  for  all  participants. 

The  session  started  with  a review  of  the  models  designed  to  predict  the  3ite, 
severity  and  probability  of  injury  under  aircraft  emergency  escape  and  crash  conditions. 
The  articulated  total  body  model,  a kinomatic  model  widely  used,  predicts  gross  motions 
of  body  segments  and  the  forces  applied  to  body  surfaces  (Al).  The  validity  of  the 
model  predictions  depends  upon  the  anthropometric  input  data  (A2)  and  the  agreement  of 
the  injury  predictions  with  operational  accident  data  (A3).  It  was  proposed  that  the 
limited  accident  and  laboratory  data  available  for  model  validation  could  be  made  more 
useful  and  easier  to  interpret  through  the  adoption  of  standardized  reference  parameters 
for  shock  inputs  and  tolerance  (At).  Tissue  stress,  strain  and  displacement  relation- 
ships leading  to  internal  injuries  are  analyzed  by  sophisticated  spine,  head  and  torso 
models,  which  model  details  of  spinal  architecture  including  static  muscle  action  and 
tissue  loads  (A9,  AS),  The  most  vulnerable  structure  for  many  military  emergency  sit- 
uations, the  head-neck  system,  was  discussed  on  the  basis  of  a special  model  for  this 
subsystem,  (A7)i  for  which  probably  the  most  extensive  and  precise  biodynamic  response 
data  exist  (A5)  and  for  which  well  controlled  primate  experiments  try  to  clarify  the 
injury  mechanism  and  Identify  the  critical  deformations  (A18).  The  question  of  spinal 
injury  model  validation  was  addressed  by  reviewing  available  and  reporting  new  data  on 
human  ami  animal  vertebral  body  strength  (All,  A13 > * The  state  of  the  art  or  the  analy- 
sis of  aircraft  accident  injury  mechanisms  and  severity  was  also  reviewed  to  indicate 
what  type  of  data  injury  models  must  bo  able  to  predict  and  with  what  data  they  must  bo 
validated  (A12). 

Several  papers  dealt  with  the  response  of  the  cardiovascular  system  to  Impact  (Afi), 
vibratieH  (Alt)  and  sustained  aeeeleratien  (All,  Ale ) and  medals  ef  the  eireulateny  §ys= 
tern  te  describe  er  explain  ebserved  phenomena, 

Head  ihjury,  as  predicted  by  a head  ihjury  Model  ( A 1 7 ) ahd  as  operationally 
observed  and  correlated  to  the  forces  required  for  helmet  damage  ( A 19 ) was  discussed 
and  oompared  with  currently  used  head  injury  criteria  and  severity  indioes,  Subinjury 
changes  in  brain  electrical  activity  observed  in  human  impact  tests  were  reported  as 
further  potential  tolerance  criteria  to  be  used  for  model  output  responses  (A20). 

The  various  models  discussed  were  applied  in  several  papers  to  specific  practical 
problems:  0Z  impact  injury  prediction  (A26),  canopy  birdstrlke  problem  analysis  (A10), 
crew  station  design  analysis  (A21)  and  crashworthy  helicopter  design  (A22).  Differences 
between  human  and  present  day  hardware  dummy  responses  were  demonstrated  by  escape  sys- 
tem experiments  and  helicopter  crash  tests  (A23,  A2A). 

The  final  set  of  papers  dealt  with  biodynamic  models  used  to  explain  and  predict 
human  tolerance  to  vibration  and  repeated  shock  (A25)  and  with  biodynamic  and  control 
theory  models  applied  to  modeling  operator  performance  under  linear  and  rotational 
vibration  environments  (A29,  A30).  New  experimental  data  on  human  response  were  Included 
in  several  papers  as  basis  for  the  modeling  efforts.  Some  papers  concentrated  on  exper- 
imental data  only  as  data  input  and  for  validation  of  present  or  future  biodynamic 
models  (A27,  A28).  / 

CONCLUSIONS  AND  RECOMMENDATIONS 

The  papers  lead  to  the  following  conclusions  and  recommendations  which  were  rein- 
forced by  comments  during  the  meeting  and  during  the  concluding  panel  discussion: 

- A large  variety  of  matbematlcol  biodynamic  models  of  Impressive  complexity  and  capa- 
bility have  been  developed.  They  each  3erve  a useful  purpose  and  have  their  practical 
application.  The  biodynamic  models  cover  a whole  spectrum  of  available  technology. 


vill 


They  are  an  inseparable  part  or  tool  of  all  aspects  of  present-day  biodynamic  research. 

- The  use  and  application  of  these  models  differ  with  the  problem  at  hand.  In  basic 
research  they  are  frequently  semiquantitatlve  in  nature  and  are  primarily  used  to  inter- 
pret and  explain  experimental  findings  and  enable  the  experimenter  to  ask  more  intelli- 
gent questions.  In  exploratory  research  they  become  more  quantitative  and  detailed; 
they  allow  extrapolations  into  unexplored  areas;  they  help  to  reduce  hazardous  human 
experiments,  reduce  the  need  for  animal’  data  and  allow  interpretations  with  respect  to 
human  response;  they  save  money  and  time.  In  the  Hardware  development  stage  models 
should  be  sufficiently  specific  and  quantitative  to  guide  the  systems  designer  and  de- 
scribe the  system  "man"  in  a language  familiar  to  the  engineer. 

- It  is  unrealistic  and  counterproductive  to  hope  for  one  "final"  model  to  answer  all 
practical  questions.  A whole  hierarchy  of  models  is  needed  and  partly  available  to 
answer  different  problems  and  these  will  be  modified  and  updated  with  time  as  research 
progresses.  The  danger  of  freezing  too  early  on  specific,  quantitative  models  for  hard- 
ware design  is  clearly  recognized,  since  they  cannot  be  updated  as  freely  and  easily. 

In  spite  of  this  the  requirement  and  responsibility  exists  to  provide  to  the  design 
community  the  best  guidance  available  at  a particular  point  in  time. 

- Of  the  model  applications  presented  the  Articulated  Total  Body  Model  and  the  Head- 
Spine  Injury  Model  appear  to  be  closest  to  a possible  transition  to  wider  practical  use 
for  probability  of  injury  prediction  and  protection  system  design  for  aircraft  escape 
systems  and  crashworthiness.  The  unidirectional  spinal  injury  prediction  by  means  of 
the  Dynamic  Response  Index  (DRI),  which  served  the  design  community  in  several  countries 
well  for  the  past  8 to  10  years,  might  be  replaced  by  a general  injury  and  specific 
spinal  injury  prediction  capability  for  multidirectional  Impact. 

- Prior  to  the  recommendation  of  something  like  the  Articulated  Total  Body  Model  and 
the  Head-Spine  Injury  Model  for  general  adoption  by  the  Armed  Services  and  for  release 
to  the  design  community,  It  is  considered  absolutely  essential  that  a major  validation 
effort  be  conducted  with  the  best  data  available  and  that  necessary  response  data  which 
aro  not  yet  available  be  acquired.  The  final  model  response  data  must  satisfy  the  fol- 
lowing conditions: 

a.  Blodynamic  response  of  the  models  must  be  in  general  agreement  with  (1)  sub- 
injury  voluntary  human  impact  tests  for  the  various  directions  and  (2)  whole  body 
Impedance  data  and  transmissibility  measurements  on  human  subjects  on  vibration  tables 
for  the  frequency  range  or  interest. 

b.  Distribution  and  severity  of  injury  prediction  must  be  in  agreement  with  (1) 
all  relevant  and  properly  analyzed  aircraft  and  automobile  accident  and  escape  injury 
data  available,  (2)  all  properly  conducted  and  interpreted  cadaver  injury  tests  on  sleds 
and  drop  towers  designed  to  fill  gaps  in  operational  injury  experience  and  (3)  all  sub- 
system and  tissue  component  tests  on  elements  (such  as  vertebral  body  elastic  properties 
and  strength  data)  introduced  as  elements  of  the  specific  model. 

c.  For  exposure  conditions,  which  for  any  reason  cannot  be  validated  by  a.  or  b. 
above,  injury  predictions  for  properly  adapted  animal  versions  of  the  specific  model 
must  be  in  agreement  with  observed  data  with  respect  to  injury  mechanism,  location  and 
severity. 

Proper  validation  of  models  should  consider  all  quality  data  available  in  all  three 
areas  (a,  b and  c)  outlined.  Unfortunately,  too  often  models  are  compared  to  limited 
or  selected  data  only. 

- Collection  of  data  for  model  validation  and  the  actual  validation  Itself  might  deserve 
in  the  near  future  higher  priority  than  the  development  of  more  sophisticated  models. 

This  is  a formidable,  labor  intensive,  task  not  to  be  underestimated.  The  collection  of 
all  relevant  data  in  well-organized,  easily  accessible  computerized  biodynamic  data 
banks,  coordinated  at  national  or  international  levels,  is  seen  by  many  as  the  most  valid 
and  effective  step  toward  the  validation  of  present  and  future  models. 

- Several  suggestions  were  made  for  more  effective  model  validation.  Among  those  were 
comments  on  more  detailed,  scientific  evaluation  of  crash  situations  attempting  to  obtain 
quantitatively  better  supported  force  inputs  to  the  human  system  by  cockpit  and  seat 
deformation  evaluation.  Further  standardization  of  accident  pathology  classification 
and  accident/injury  data  collection  were  other  items  of  concern.  Other  participants 
proposed  "standard  crash  situations"  or  "standard  escape  maneuvers"  to  be  used  for  all 
model  validations  to  increase  lntra-model-comparabillty  and  computational  efficiency. 

In  many  cases  model  validation  requires  additional  tests  or  instrumentation  channels  in 
laboratory  and  field  tests,  Frequently  for  little  additional  cost  valuable  information 
for  general  application  can  be  obtained  from  field  tests  and  experiments  which  would  be 
too  costly  Tor  model  validation  per  se.  All  blodynamic  test  data  collection  should  be 
made  as  much  as  possible  with  model  validation  In  mind  or  even  guided  by  parallel  model 
prediction. 

- Although  the  need  for  more  advanced,  blodynamically  realistic,  anthropomorphic  dum- 
mies for  crash  testing  was  stressed  by  several  authors  and  discussants,  no  pay-off 
analysis  as  to  the  complexity,  accuracy  and  costs  desired  for  such  a dummy  was  pre- 
sented. Theoretical  prediction  capability  appears  to  be  closer  at  hand  than  hardware 
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realization  of  the  model  description  of  the  human  response. 

- It  Is  obvious  that  a whole  family  of  models  are  needed  depending  upon  the  purpose 
and  complexity  of  application.  Simplification  of  some  of  the  complex  models  discussed 
(e.g.,  the  head-spine  model)  might  be  possible  and  would  certainly  be  desirable  for  some 
of  the  applications  (e.g.,  spinal  Injury  prediction  without  detailed  Indication  of  Injury 
location  or  mechanism).  Enough  data  might  be  available  soon  for  validation  of  such 
simplified  models.  More  complicated  models  (e.g.,  to  predict  vision  under  vibration  or 
to  quantitate  motion  perception  and  control  capability  under  blodynamlc  stress  or  under 
simulator  conditions)  might  require  considerably  more  blodynamlc,  physiological  and  per- 
formance data.  If  simplified  models  for  specific  applications  are  derived,  their  rela- 
tionship to  the  more  general  models  and  their  limits  of  validity  and  applicability  should 
be  well  defined. 
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St'MMARY 

The  general  predictive  and  structural  properties  of  human-lndy  cross  notion  simulation  models  and  thpir 
appl  icahil  ity  to  f 1 leht-assoc lated  problems  Is  discussed.  A specific  application  of  such  a model  is 
demonstrated  hy  the  simulation  of  hieian  response  to  whclp-body-r,  , Irpact  and  the  comparison  of  the 
resu’ts  with  experimental ly  observed  hirian  responses  to  the  same  dvnanic  exposures.  The  simulations 
were  >ertormed  using  the  Articulated  Total  Body  (ATP)  computer  model  based  nn  Hold  body  mechanics  and 
possession  a number  of  internal  and  extern,'!  force  and  constraint  options  to  reflect  resistive  forces 
within  human  joints  and  to  alloK  the  Interaction  of  externa!  cnnf iourational  elements.  Predicted  data 
of  limb  notions,  their  accelerations  and  forces  qenerated  In  the  harness  restraint  system  are  compared 
Kith  those  obtained  experimentally  from  acceleration  transducers  on  the  head  and  chest  of  human  test 
subjects;  tension  rvasurlng  load  cells  for  the  harness  system  cnrpnnents  and  variously  located  sled  on- 
board and  stationary  hloh-speed  movie  cameras.  Discussion  encompasses  the  model  structure  and  Its 
dynamic  model  Inn  capability;  the  qeneral  data  Input  renuirements;  tne  snecif  c set  of  data  used  for 
the-f>  „ Impact  simulations;  and  some  of  the  shnrtcnmlnns  and  required  Improvements  indicated  by  the 
present  simulation, 

INTRODUCTION 

The  use  of  blodvnamtc  co  it  uter-based  models  for  the  prediction  of  human  body  response  and  injury  result- 
ing from  impacts  and  abrupt  accelerations  typically  encountered  In  various  phases  of  fllnht  operations 
Is  an  accepted  and  necessary  complementary  research  approach  to  direct  experimentation  Kith  humans  and 
animals.  Considerable  Inslnht  can  be  gained  bv  a pronerlv  prepared  and  executed  simulation  of  body 
dynamics  concerninn  the  resulting  body  motion,  stresses  developed  within  the  body  and  interactions  of 
the  body  seqmer.ts  » Vi  external  structures. 

These  models  can  generally  be  separated  intc  two  categories:  Internal  body  structure  and  externa! 
gross  motion  body  models.  The  first  type  deals  with  the  detailed  structure  of  various  body  subsystems; 
e.q.  the  head,  thorax,  spine,  etc.  and,  provided  with  a specified  Input  to  the  particular  subsystem,  will 
predict  stresses,  strains  and  localized  deformations.  The  latter  model  cateoory  deals  with  overall  body 
response  and  generally  provides  as  output  motion  data  of  body  seoments  and  Interactive  forces  between 
body  seoments  and  external  structural  e'ements.  The  present  study  describes  the  application  of  a model 
in  this  cateqory. 

The  development  of  complex  and  detailed  I'ndvnamlc  models  has  been  particularly  rapid  and  successful 
during  the  last  decade.  This  nrowth  can  mostly  he  attributed  to  the  developments  in  computer  technoloav 
including  the  development  of  sophisticated  accessory  software.  This  relatively  new  and  powerful  analysis 
capability  has  opened  the  door  to  the  solution  of  analytical  equations  describing  the  complex  and  detailed 
mechanical  structure  of  the  hunan  body.  It  has  allowed  the  analysis  of  mechanisms  and  processes  that 
In  many  cases  had  previously  been  known  and  postulated  but  could  not  he  satisfactorily  explored  using 
classical  mechanics  methods  because  dosed-fo-m  solutions  did  not  exist  and  numerical  solutions  were 
too  tedious. 

This  is  particularly  true  of  the  oress  motion  simulation  models  of  the  body  which  are  based  on  rigid  body 
dynamics.  The  basic  formulating  equations  for  such  nodels  were  already  available  in  the  19th  century 
and  a number  of  treatises  on  this  topic  are  discussed  by  Holdsteln  (1).  While  voluminous  data  have 
been  generated  on  the  theoretical  aspects  of  such  analyses,  onlv  solutions  for  relatively  simple  cases 
dealing  mainly  with  a single  body  under  various  constraint  conditions  and  applied  forces  have  been  suc- 
cessfully obtained.  Current  models  applied  In  biodynamics  have  used  the  same  formalism,  usually  either 
the  fuler  or  Lagrange  technioue,  to  formulate  equations  descrlMnn  chains  of  coupled  rigid  bodies,  and 
with  current  computer-based  analysis  techniques  solutions  to  such  systems  have  become  possible. 

Models  depicting  the  articulated,  three-dimensional  human  body  structure  have  been  developed  by  a number 
of  Inver tigators.  Among  these  are  models  described  bv  Youno  (2);  Rnbbins,  Bennett  and  Bowman  (3); 
furusho  and  Yokoya  (4);  Huston,  Hessel  and  Passerello  (5,6);  and  Fleck,  Butler  and  Vogel  (3,8).  The 
final  system  equations  for  all  these  models  are  quite  similar  In  structure.  Their  main  difference  lies 
in  the  number  of  seoments  used  to  describe  the  body  structure  and  the  ease  and  flexibility  of  specifying 
Input  for  a qiven  dynamic  event.  A comparison  of  these  factors  as  well  as  a .lumber  cf  other  model  features 
has  been  carried  out  by  King  (9). 

The  application  of  the  gross  motion  simulation  type  of  model  Is  of  particular  Interest  to  aviation  medi- 
cine In  the  analysis  of  human  body  dynamic  response  durlno  various  phases  of  emergency  escape  from  high- 
performance  aircraft  and  restraint  duri.in  aircraft  crashes.  Th*  mod* ling  technique  has  applicability 
to  the  analysis  of  body  prepositioning  either  bv  active  harness  system  forces  or  rapid  ehanoes  in  seat 
geometry  prior  to  ejection,  limb  clearances  durlno  seat  motion  up  the  rails  and  limb  flailing  during 
wimlforce  exposures.  Th i ^ type  of  model  can  also  provide  a method  for  analysis  of  the  effectiveness  of 
various  harness  systems  for  restraining  the  crewman  durlno  crashes  and  the  effects  of  parachute  opening 
shock  transmitted  through  the  harness  system. 

In  general,  this  type  of  model  can  serve  as  a valuable  design  and  evaluation  tool  In  the  development  of 
new  systems,  and  can  contribute  significantly  to  the  prevention  and  reduction  of  presently  occurring 
Injuries, 
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The  nodal  used  In  this  study  Is  based  on  rinid-t>odv  rivnar-'c'-  usino  Fuler  equations  of  motion  with 
Laqranqp-fyrr  errg*'-fl1'-rx.  The  model  was  orininallv  developed  r/  Calsran  Corporation  for  the  study 
of  hunian-hodv  and  anthropometric  dunny  dynamics  durinn  automobile  crashes  for  the  United  States 
Department  of  Transportation  (DOT)  (7,8).  The  formulation,  however,  was  of  sufficient  generality  to 
allow  application  of  this  model  to  problems  Involvinn  whnle-bodv  articulated  motion  resultino  from 
various  types  of  Impacts  or  other  abrupt  accelerations  applied  to  the  body.  Modifications  to  the 
basic  were  made  to  accommodate  specific  Air  Force  applications  (10),  'mono  these  were  the 

inclusion  of  ’ special  ioirt  force  aloorithm,  a capability  Co  apply  aerodynamic  forces  to  body 
segments  as  experienced  dnripq  election  from  aircraft  and  Improvements  in  the  harness  aloorithm 
allowr  , simulation  of  complex  restraint  systems. 

The  specific  model  configuration  applied  in  this  study  used  15  hodv  senments.  These  consisted  of  the 
head,  neck,  upper  torso,  ctr.tvr  torso,  lower  torso,  unner  arms,  lower  arms,  upper  lens,  lower  lens  and 
feet.  The  lower  arms  were  combinations  of  the  forearms  and  hands.  A schematic  showing  thesp  segments 
and  the  numherino  scheme  u*ed  both  for  the  senments  and  the  Interconnecting  ioints  is  shown  in  Fin.  1, 
The  number  of  the  senments  used  in  slmulatinn  body  response  both  in  this  and  other  studies  has  been 
dictated  by  the  requirements  of  the  particular  event  heinn  simulated  and  the  availability  of  individual 
segment  data.  For  the  present  study,  15  segments  were  chnsen,  since  it  was  felt  that  these  would 
adequately  represent  the  various  differential  motions  nf  concern  in  a nrnss  body  impact. 

Since  the  body  can  be  viewed  as  a chain  link  system  havinn  no  closed  loops,  the  choice  of  15  segments 
resulted  in  14  Ioints  and  a total  of  48  deorees  of  freedom. 
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Figure  1.  kWel  segment  end  joint  number  scheme. 
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Ry  considering  the  structure  and  dynamics  of  one  seonent  and  Its  relationship  to  an  adiacent  sennvnt, 
the  total  structure  of  the  whole  model  can  he  envisioned  as  a chain  defined  by  an  Individual  link  with 
a defined  method  for  attachino  adiacent  links. 

In  rio.  2 is  shown  Jlie  seoment  structure  and  Unlinn  sc  here  employed  In  the  model.  The  center  of  mass 
of  seqment  N Is  at  R«,  which  Is  defined  with  resnect  to  an  external  inertial  system.  Principal  axes  of 
senment  ’I  are  defined  with  resnect  to  the  Inertial  axes  and  are  used  thereafter  for  referencing  all 
segment  qeonetrlc  properties.  A qeometric  renter  of  thp  seoment  Is  defined  and  three  ellipsoidal 
radii  are  specified  to  define  a contact  elllnsoldal  surface  fnr  the  seoment.  Joint  locations  within 
the  seqment  are  sneclflod,  and  a coordinate  svster  with  a specified  orientation  assioned  to  each  Joint 
within  the  seoment.  The  adiacent  segment  M+l,  with  center  of  mass  located  at-Jg+j,  has  all  the  same 
properties  specified.  The  two  seqments  are  then  coupled  at  the  iolnt  hv  a constraint  pouation. 
Since  for  each  seoment  there  Is  an  assioned  coordinate  system  at  the  Iolnt  center,  the  relative 
orientation  of  these  two  coordinate  systems  with  a cormon  center  can  he  used  to  apply  torques  as  a 
function  of  annular  orientation  to  the  two  seiments.  This  In  effect  allows  incorporation  of  Internal 
foint  resistive  torque  properties  Into  the  model . The  alignment  for  iolnt  axes  shown  in  Fiq.  2 Is  one 
of  the  options  available  with  this  method  and  here  allows  apnllcatlon  of  torsional  and  flexion  torques 
as  a function  of  azimuthal  and  elevation  angle  variations. 
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Figure  2.  Basic  body  seqment  property  and  coupling  description. 


External  forces  to  the  segments  are  applied  to  the  contact  or  envelope  ellipsoids  which  an*  rloldly 
attached  to  the  center  of  mass  of  each  respective  segment.  These  forces  can  be  generated  by  Interac- 
tions between  segment  surfaces  and  external  planes,  harness  systems,  wind  forces  and  other  seoments. 

The  Interactive  forces  between  sefynents  and  other  segments  or  planes  Is  applied  at  the  ,>o1nt  of  contact 
and  Is  a function  of  the  distance  of  Incursion  of  the  senment  Into  another  seqment  or  Into  a plane.  The 
force-deflection  characteristic  of  this  interaction  must  he  provided  as  Input  for  the  model.  Harness 
systems  also  apply  forces  to  the  body  with  allowable  components  normal  to  the  segment  surfaces  and  tan- 
gentially along  the  harness  tension  vectors.  Hind  forces  mav  also  he  applied  to  the  body.  These  must 
be  specified  for  each  segment  with  a magnitude  and  direction  as  a function  of  time.  The  effective  pro- 
jected area  normal  to  the  wlndstream  for  each  seoment  Is  calculated  and  then  applied  to  the  respective 
segment. 

Th«  solution  of  the  model -describing  equations  was  obtained  by  numerical  Integration  on  a CDC  6600  com- 
puter. The  computer  program  requires  about  250,000  octal  words  of  memory  and  for  a typical  200-msec 
real-time  simulation  uses  about  400  seconds  of  computer  computation  time. 
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DATA  FDR  SPECIFIC  SI'niLATinil 

To  simulate  a specific  dynamic  event,  consIderaMe  bndv  descriptive  data  must  he  supplied  for  model  Input, 
These  data  Include  principal  moments  of  Inertia,  mass,  contact  surface  ellipsoid  center  and  radii  and 
joint  locations  for  each  senment,  as  well  as  senment-  Interaction  characteristics  for  seqment-to-segment 
or  confiourational  element  contacts.  Properties  of  joints  must  also  be  specified  by  Identifying  the  type 
of  joint  (l.e, , pin,  ball  and  socket,  etc.)  and  the  torque  properties  across  the  joint  as  a function  of 
relative  adjacent  segment  rotational  orientation.  Additional ly,  the  external  dynamic  environment  to 
which  the  body  Is  to  be  exposed  must  be  defined. 

The  particular  events  chosen  for  simulation  In  this  study  consisted  of  three  -<5*  Impacts  with  6,  8 and 
10  q peak  acceleration  amplitudes  respectively.  The  time  histories  of  the  accelerations  are  shown  In 
flq.  3 and  were  obtained  from  actual  sled  tests.  All  three  tests  were  performed  with  the  same  subject, 
who  weiohed  217  lbs.  and  was  lust  over  73  inches  tall,  np  the  basis  of  these  two  parameters,  the 
subject  was  classified  In  the  95th  percentile  of  the  If. 5.  Air  Force  papulation  according  to  tne  data 
compiled  by  Churchill  (11).  Using  this  classification  and  the  body  property  generating  program 
*<1000*  (12),  a set  of  body  senment  weights,  principal  moments  of  inertia  and  joint  locations 
were  obtained.  Specific  anthropometric  measurements  obtained  from  the  subject  were  used  to  refine  the 
data  usinq.  In  part,  a procedure  develoned  hy  Leet  (13),  which  provides  seoment  moment  of  Inertias  and 
centers  of  qravlty  from  a set  of  anthropometric  measurements,  and  a final  data  set  was  assembled.  This 
data  is  presented  In  Table  1.  The  joint  locations  wlthlr,  the  seoments  were  obtained  from  proqram  "ROOD* 
for  a 95th  percentile  male  and  were  used  without  modification. 

The  seoment  contact  ellipsoid  centers,  located  with  respect  to  the  senment  centers  of  gravity,  and  the 
ellipsoid  radii  were  obtained  uslnn  the  anthropometric  data  from  the  subject  and  a complementary  graphics 
package  used  with  the  Articulated  Total  Body  (ATT.)  fVxlel . The  oraphics  package  provides  a plot  of  the 
body  contact  ellipsoid  structure  as  viewed  from  a specified  direction  and  distance  from  the  body.  A 
frontal  view  of  the  body  graphics  display  is  shown  In  Fla.  4.  Bv  using  photographs  of  the  seated  sub- 
ject prior  to  Impact,  and  overlaying  these  with  correspondlno  body  graphics  generated  from  equivalent 
viewing  positions,  the  respective  setrient  contact  ellipsoid  radii  and  their  centers  were  specified. 

The  radii  chosen  for  this  particular  series  of  slmilations  are  listed  In  Table  2. 


Figure  3.  Six,  eight  and  ten  g peak  acceleration  Figure  4.  Computer  graphics  representation  of 

Inouts  used  for  -d*  sled  Impact  simulations,  body  contact  surfaces. 


The  simulation  of  harness  and  body  Interaction  during  the  Impact  event  required  a geometric  description 
of  the  harness.  Its  placement  on  the  body  surface,  and  the  specification  of  a common  belt/segment  elas- 
ticity. The  common  belt/segment  elasticity  Is  that  obtained  by  assuming  that  the  relative  elasticities 
of  the  harness  system  and  the  body  are  coupled  In  series,  A frnntal  view  of  the  placement  of  the  harness 
belts  on  the  torso  segments  Is  shown  In  Fig.  5.  These  belt  segments  follow  the  contour  of  body  contact 
surfaces  end  go  through  reference  points  (denoted  hy  x*s)  defined  on  the  surface  of  each  segment. 

The  geometry  of  the  harness  system  in  the  actual  experiments  is  such  that  two  belts  are  attached  to  the 
floor  of  the  sled  in  a position  such  that  when  they  are  fastened  together  with  a buckle  across  the  lower 
abdomen  of  the  seated  suhiect  they  form  approximately  a 45°  proleeted  angle  with  the  floor  in  the  Z-X 
nlane,  (The  coordinate  system  conventions  employed  in  this  study  are  such  that  X end  l axes  lie  in  a 
plane  parallel  to  the  midsagittal  plaoe,  with  l positive  downward,  X positive  forward  and  Y positive 
to  the  right  of  the  subject.)  The  lateral  placiment  of  the  tie-down  points  on  the  floor  Is  slightly 
outside  the  hip  width.  Two  other  belt  seoments  are  attached  tn  the  buckle  in  front  of  the  abdomen 
and  extend  upward  across  the  shoulders.  In  the  actual  experiments,  these  two  straps  are  tied  together 
behind  the  suhiect  and  attach  to  one  eormon  point  on  the  seat  structure  posterior  to  the  neck.  For 
the  simulation,  those  two  belt  straps  were  attached  separately  to  the  seat  hack  and  posterior  to  the 
neck.  The  use  of  two  tie-down  points  allowed  the  independent  calculation  of  forces  in  each  belt 
segment  and  also  prevented  the  generation  of  large  lateral  forces  from  the  belt  segments  In  the 
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shoulder  region.  The  Initial  length  of  each  lap  belt  seijnent  was  18.17  Inches  and  each  shoulder 
belt  segment  was  27.35  Inches.  The  common  hel t/setrtent  elastic  characteristics  were  assumed  to  he 
linear  with  coefficients  of  10,500  lbs . In/In  and  7,300  lbs.  In/In  for  the  lap  senment  and  shoulder 
segment  respectively.  These  values  were  calculated  from  the  experimentally  observed  belt  loading 
curve  widths  and  load  times  for  the  10-q  Impact. 


TABLE  l.a. 


BODY 

SEGMENT  WEIGHTS  AND 

PRINCIPAL 

MOMENTS  OF 

INERTIA 

Segment 

Number 

Segment 

Weight 

Segment  Moment  of  Inertia 
(lb. -In. -sec2) 

N 

Name 

(1b.) 

X 

Y 

2 

1 

Lower  Torso 

33.950 

1.510 

1.460 

1.740 

2 

Center  Torso 

40.550 

2.460 

1 .740 

1.800 

3 

Upper  Torso 

26.000 

1.190 

.720 

1.200 

4 

Neck 

6.080 

.024 

.024 

.020 

5 

Head 

12.430 

.200 

.230 

.140 

6 

R.  Upper  Leg 

24.010 

1.800 

1.800 

.490 

7 

R.  Lower  Leg 

9.540 

.650 

.650 

.070 

8 

R.  Foot 

3.310 

.050 

.050 

.010 

9 

L.  Upper  Leg 

24.010 

1.800 

1.800 

.490 

10 

L.  Lower  Leg 

9.540 

.650 

.650 

.070 

11 

L.  Foot 

3.310 

.050 

.050 

.010 

12 

R.  Upper  Arm 

6.790 

.170 

.170 

.032 

13 

R.  Lower  Arm 

5.340 

.310 

.310 

.017 

14 

L.  Upper  Arm 

6.790 

.170 

.170 

.032 

15 

L.  Lower  Arm 

5.340 

.310 

.310 

.017 

TABLE  l.b. 

JOINT  LOCATIONS  IN  SEGMENT  COORDINATE  SYSTEMS 


Int 

mber 

J 

Segment 

Number 

N 

Joint  Location  In 
Segment  (N) 

(In.) 

X Y 2 

Joint  Location  In 
Segment  (J+l) 

(In.) 

X Y Z 

1 

1 

0.00 

0.00 

-3.85 

0.00 

0.00 

3.85 

2 

2 

0.00 

0.00 

-4.23 

0.00 

0.0b 

4.23 

3 

3 

0.00 

0.00 

-2.82 

0.00 

0.00 

2.82 

4 

4 

0.00 

0.00 

-3.18 

0.00 

0.00 

3.18 

5 

1 

0.00 

3.52 

.92 

0.00 

0.00 

-8.80 

6 

6 

0.00 

0.00 

10.09 

0.00 

0.00 

-7.93 

7 

7 

0.00 

0.00 

9.05 

1.68 

0.00 

-2.19 

8 

1 

0.00 

-3.52 

.92 

0.00 

0.00 

•8.80 

9 

9 

0.00 

0.00 

10.09 

0.00 

0.00 

-7.93 

10 

10 

0.00 

0.00 

9.05 

1.05 

0.00 

-2.19 

11 

3 

0.00 

7.28 

-1.85 

0.00 

0.00 

-5.44 

12 

12 

0.00 

0.00 

5 58 

0.00 

0.00 

-7.94 

13 

3 

0.00 

-7.28 

-1.85 

0.00 

0.00 

-5.44 

14 

14 

0.00 

0.00 

5.58 

0.00 

0.00 

-7.94 

A t h 


Figure  5.  Body  harness  geometry  used  for  -Gx  sled  impeet  simulations. 


With  the  current  analysis  scheme,  the  reference  points  are  not  a. lowed  to  migrate  across  the  surface 
of  the  segment.  This,  of  course,  does  not  allow  for  consideration  of  belt  lateral  slippage  effects. 
However,  for  the  present  set  of  Impact  events  the  loading  on  the  body  by  the  belt  Is  mainly  normal 
to  the  segment  surfice  and  tangential  along  the  belt. 

Other  than  through  the  harness  system  the  only  other  local  lied  force  transfer  to  the  body  during  the  -r»x 
Impact  event  was  through  the  seat  pan,  seat  back  and  floor  structures.  The  seat  pan  and  hack  were  of 
solid  wood  construction  with  polished  surfaces  to  minimize  tangential  frictional  forces.  Similarly, 
the  floor  was  also  rigid  and  smooth,  producing  minimal  sliding  resistance  on  the  feet. 

Of  these  three  Interacting  surfaces,  only  the  seat  pan  Interacted  significantly  with  the  body  durino 
the  peak  loading  phase  of  the  Impact  event.  For  the  simulation  of  this  Interaction,  the  force- 
deflection  characteristic  shown  In  Fig.  6 was  applied  In  a normal  direction  between  the  lower  torso 
and  upper  legs  and  the  seat  pan.  This  characteristic  pmduces  a spring  hardening  or  hottomlno-out 
type  of  effect,  since  a small  force  will  Initially  produce  a relatively  large  deflection  (.♦  Inches 
for  60  lbs.),  but  a much  larger  force  Is  thereafter  required  to  produce  an  egulvalent  deflection. 

The  same  characteristic  was  used  for  both  the  foot/floor  and  the  torso/seat  hack  Interactions;  however, 
as  Indicated  previously,  neither  of  these  Interactions  was  of  significance  durino  the  peak  impact  event. 

The  type  of  joints  used  were  ball  and  socket  except  for  the  knees  and  elbows,  where  pin  joints  were  used. 
Joint  stops  In  terms  of  a flexure  angle  for  the  ball  and  socket  joints  and  the  single  rotational  angle 
for  the  pin  joints  were  specified.  For  the  present  analysis,  these  joint  stop  values  did  not  appear  to 
be  significant,  except  possibly  for  the  elbow  and  knee,  as  the  articulated  llmh  motion  observed  In  the 
experiments  tended  to  be  within  the  range  of  free  joint  motion.  The  joint  stops  for  the  elbow  and  knee 
were  set  at  full  extension  for  these  Joints, 
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CONTACT  ELLIPSOID  SEMIAXES 


Segment 

Number 

N 

Contact  Ellipsoid  Setriaxc 

( in.) 

X Y 7 

1 

5.05 

7.49 

4.09 

2 

4.80 

6.14 

7.49 

3 

4.91 

6.99 

4.12 

4 

2.52 

2.52 

4.83 

5 

4.07 

3.20 

4.83 

6 

3.43 

3.43 

12.77 

7 

2.52 

2.52 

10.62 

8 

1.68 

2.14 

5.54 

9 

3.43 

3.43 

12.77 

10 

2.52 

2.S2 

10.62 

11 

1 .68 

2.14 

5.54 

12 

2.27 

2.27 

7.71 

13 

1.98 

1.98 

10.07 

14 

2.27 

2.27 

7.71 

IS 

1.98 

1.98 

10.07 

DEFLECTION*  IN 


Flqure  6.  Forc«-dtfl action  chiractarlitlc  for  hrdy-itit  pan  Interaction. 
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RESULTS 


The  data  obtained  from  the  simulations  consisted  of  tine  histories  of  all  senment  linear  and  annular 
displacements,  velocities  and  accelerations;  the  tensile  helt  forces  of  the  harness  system;  and  the 
contact  forces  oenerated  and  the  points  of  contact  between  hodv  seoments  3nd  seat  and  floor  surfaces. 

The  experimental  data  available  for  purposes  of  comparison  were  accelerometer  data  from  triaxial 
accelerometer  packs  mounted  on  the  forehead  and  the  chest;  displacement  data  In  the  X-Z  plane  of  fidu- 
cial narks  on  the  hip,  knee,  shoulder,  eibow,  the  head  about  an  Inch  anterior  to  the  traous,  and  the 
lateral  side  of  the  triaxial  accelerometer  packane  on  the  forehead;  and  force  data  from  transducers  at 
two  belt  tie-down  points  on  the  floor  and  one  in  the  seat  hack  posterior  to  the  subject's  neck, 

Ourinq  these  -C,x  Impacts  the  force  transmitted  to  the  bodv  was  primarily  ti.,-ouoh  the  harness  svstem  with 
a rather  small  component  transmitted  throuoh  the  seat  pan.  This  latter  input  consists  of  a normal  com- 
ponent due  to  a 7°  inclination  of  the  seat  from  back  to  front  and  a tannential  force  component  due  to 
the  friction  between  the  subject  and  the  seat  surface.  These  forces,  with  the  exception  of  the  seat 
frictional  forces  which  were  taken  as  zero,  were  calculated  usino  the  model,  F1q,  7 shows  the  forces 
obtained  for  the  shoulder  and  lap  belts  from  the  simulation  and  the  forces  measured  durlno  the  actual 
experiments.  These  curves  show  very  close  aqrecment,  especially  In  view  of  the  oenerally  observed 
variability  In  the  forces  measured  in  the  harness  svstem  durlno  apparently  identical  sled  Impact  events, 
A cursory  review  performed  on  about  60  -nx  Impact  events  Indicated  that  at  least  a 10%  variation  may  be 
expected  In  the  peak  harness  loads  observed  under  "Identical"  test  conditions.  Possibly  additional 
constraints  may  be  imposed  to  ensure  more  Identical  conditions  between  runs,  but  In  the  present  study, 
compensation  was  not  made  for  such  factors  as  level  of  suhlect  apprehension,  small  shifts  In  subject 
Initial  limb  position  and  sliohtly  varylnn  harness  positions  on  the  pelvis.  Even  so,  the  level  of 
loading  observed  in  the  shoulder  belts  decreased  from  about  6*10  lbs  at  in  o's  to  500  lbs  at  8 o's 
and  then  to  400  lbs  at  6 q's.  The  same  level  of  decrease  was  observed  in  the  simulation  with  peak 
values  approximately  50  lbs  hioher.  For  the  lan  helt,  an  experimental  peak  load  of  sliohtly  over 
1000  lbs  at  10  n’s,  900  lbs  at  8 n's  and  500  lbs  at  6 o's  was  observed.  Simulated  peak  values  were 
about  50  lbs  lower  at  the  10-o  and  8-g  levels  and  50  lbs  oreater  at  the  6-o  level. 
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Flpure  7,  Comparison  of  simulated  and  experimental  shoulder  and 
lap- be  it  forces  durlno  •%  Impacts. 
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Other  factors  of  agreement  which  are  of  considerable  Importance  In  assessing  the  effrct  of  these  belt 
forces  on  the  body  are  the  tines  of  peak  load  and  the  breadth  of  the  loadlnn  curve.  These  factors  can 
be  related  to  the  effective  compliance  of  the  harness 'body  interaction  an«l  the  impulse  transmitted  to 
the  hodv  durino  the  Impact.  The  latter,  In  turn,  may  be  used  as  a variable  for  correlation  to  proba- 
bility of  tniurv.  Both  the  peak  load  tines  and  the  breadths  of  the  loadlnn  curves  show  very  nnod 

aoreement  between  tin'  measured  anil  simulated  results.  Ihe  ma strum  difference  In  the  times  of  peak 
load  occurrence  Is  about  10  msec  and  occurs  at  the  hioher  n levels,  At  the  6-n  load  level  the  times 
for  peak  load  are  almost  Identical.  The  Increase  In  the  phase  shift  with  1ncre»s1no  load  levels  may 
t>e  attributable  to  the  use  oi  a linear  force-deflect io  characteristic  for  ihe  namess/hodv  Interaction 
where,  in  fact,  the  true  characteristic  Is  a nonlinear  sprlnn  hardenlnn  type  which  at  larner  dlff lections 
exhibits  a stiffer  response  and  thus  an  earlier  peak. 

The  normal  forces  of  contact  between  the  pelvis  anil  upper  lens  for  the  10-n  simulation  and  the  seat  pan 
are  shoxai  In  Flo.  8.  The  points  of  contact  across  which  this  force  is  transmitted  Initially  shift 
forward  in  the  scat  as  the  I'Chiv  loads  Into  the  harness  system.  The  total  shift  Is  about  ?.!>  Inches. 

This  same  shift  Is  observed  In  Fin.  1,  which  shows  the  x-dirrctlnn  displacement  of  the  lower  torso 

(or  pelvis)  for  the  111-,  11-  anil  6-n  livid  levels  for  both  the  simulation  and  the  actual  impact  events. 

Phase  comparisons  show  very  nood  aoreement  as  maxlmun  displacements  occui  at  the  same  time.  The 
predicted  mannitude  of  displacement  t*.  however,  consistently  oreater  than  that  observed  fr">m  the 
experiments.  The  reason  for  this  variation  Is  most  llkelv  attributable  to  the  deformation  of  the  sort 
tissue  surroumtlnn  anil  that  encased  bv  the  pelvic  structure.  While  the  computer  simulation  provides  pre- 
dictions of  the  net  motion  of  the  center  of  mass  of  all  these  components,  the  experimentally  measured 
data  corresponds  to  the  rxitlon  of  a fiducial  attached  to  lateral  external  tissue  of  the  pelvis. 

nlthouofi  component  accelerations  of  the  head  anil  chest  werr  both  calculated  using  the  model  ami  measured 
durino  the  Irract  events,  only  comparisons  of  the  resultant  chest  and  head  accelerations  were  made,  since 
initial  axes  allnnments  between  the  simulated  situation  anil  the  actual  measurements  could  not  he  estab- 
lished. Comparisons  were  made  for  all  three  load  levels,  anil  It  was  found  that  the  simulated  and 
measured  responses  showed  pood  aoreement.  The  basic  characteristics  at  all  three  load  levels  were 
the  same,  with  no  observed  phase  shifts.  As  expected,  the  resultino  accelerations  of  the  chest  and 
head  decrease  with  decrease  In  the  applied  external  acceleration. 

In  Flo.  10  arc  shown  the  slrulateil  anil  measured  data  for  the  10-g  input  resultant  chest  acceleration. 

The  aoreement  here  Is  oulte  close,  with  a measured  first  peak  acceleration  of  about  17  q's  and  the  cor- 
respondlno  simulated  acceleration  peak  is  about  If  o's  anil  occurs  about  five  to  ten  milliseconds  later 
than  the  measured  peak.  A second  acceleration  was  observed  to  start  at  about  130  milliseconds  and  die 
out  att  about  180  milliseconds.  This  response  was  well  predicted  In  the  simulation  as  the  plateau  for 
this  peak  reached  about  10  q's  In  close  aoreement  with  the  observed  response.  The  hioher  frequency 
content  of  the  measured  response  versus  the  simulated  response  may  he  explained  bv  the  Interaction  of 
the  chest  accelerometer  packaoe  with  the  restraintno  harness  shoulder  straps  as  these  slid  tanqentlally 
across  the  chest  durino  the  Impart  event. 

A comparison  of  the  simulated  and  the  measured  head  resultant  acceleration  for  the  10-o  input  case  Is 
shown  In  Flq.  11.  Similar  responses,  excent  for  respectively  lower  anolitudes,  were  also  observed  for 
the  8-  ami  6-n  Innuts.  A double  peak  occurs  both  for  the  experimental  case  and  the  simulation.  The 
phase  of  both  peaks  Is  in  very  good  aoreement;  however,  the  amplitude  of  the  first  peak  In  the  simulation 
Is  only  about  half  of  that  observed  In  the  actual  exnerlmrnt  (in  n's  versus  70  o's).  The  second  peak 
shows  much  better  aoreement,  as  practically  the  same  amplitude  of  about  Id  o’s  Is  attained  for  both. 

While  no  clear  answer  Is  evident  for  the  difference  In  amplitude  for  the  first  peak  It  should  be  pointed 
out  that  this  model  Is  not  particularly  suited  for  a detailed  analysis  of  the  complex  articulated  motion 
of  the  cervical  spine  which  clearly  contains  several  lolnts  and  does  not  In  Its  present  Input  parameter 
set  account  for  pretenslno  of  neck  muscles  nr  the  voluntary  or  involuntary  actions  of  these  muscles 
during  the  Impact  event.  Visual  observations  of  head/neck  response  durino  the  actual  sled  Impact 
experiments  tend  to  Indicate  that  an  active  nuscl»  Input  does  occur  and  Is  a slnnlflcant  factor  In 
head/neck  response  at  the  relatively  lov  n levels  (6  tn  10  n’s)  applied  In  these  studies. 


Moure  8.  Predicted  normal  forces  on  the  seat  pan  durino  10-q 
peak  -fi.  Impact. 
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fiuure  II.  Comparison  of  simulated  and  exnerimpntal  resultant  •toad 
acceleration  durinn  10-n  peal  -5X  impact. 


"s  indicated  previously,  the  linear  and  annular  displacements , velocities  and  accelerations  of  15 
body  senments  were  calculated,  and  a number  of  additional  variable  displacements  have  i epn  made. 

‘•'ost  of  these  show  pond  aoreerent  with  experimental  data.  ''nfnrtunatelv  the  amount  of  experimental 
tutu  availa! le  is  consideral Iv  less  than  that  provided  bv  the  computer  model  simulation,  especially 
seorent  acceleration  data  and  three-dimensional  d isplaceront  data  of  sooments.  'I  particularly  useful 
method  for  overconini!  this  deficiency  is  t he  time-senuenced  comparisons  nf  body  positions  durinn  a 
dynamic  event.  ’V  illustration  nf  such  a comparison  is  shown  in  fin.  12,  where  lateral  views  of  the 
lo.lv  are  compared  at  different  tires  usinn  the  whole-body  computor-nenerated  nraphics  and  binh-spppd 
fib's  for  the  lO-o  impact.  Similar  time-senuenced  comparisons  verr  also  r«de  for  camera  positions 
from  the  front  and  45°  frix"  the  v and  x axes  in  the  hnrunntal  olane. 


f 1(iu re  12.  Comparison  of  simulated  and  experimental  lodv  motion  from 
lateral  view  durinn  10-o  peai  -c>x  impact. 
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conclusions 

T*ie  objective  of  this  report  has  been  twofold:  to  preseor  a methodology  which  can  provide  considerable 
insioht  into  human  bodv  dynamics  durtnn  whole  body  Inracls  and  to  demonstrate  the  application  of  this 
methodology.  The  nethodoloov  is,  in  effect,  the  use  of  a mathematically  defined  model  of  the 
articulated  human  body  structure  with  appropriate  parameters  for  body  property  description.  The 
application  of  this  model  consisted  of  prescribinn  an  initial  body  position  and  the  subsequent 
dynamic  environment  to  which  the  body  was  exposed. 

On  the  basis  of  this  study,  certain  conclusions  may  be  drawn  about  the  overall  applicability  of  the 
Articulated  Total  Body  (ATB)  Model  to  impact  problems  in  neneral  and  the  impact  events  In  particular. 

This  discussion  is  most  easily  pursued  bv  reference  to  specific  aspects  of  the  current  simulation  study 
and  then  by  an  extension  of  these  to  more  neneral  applications. 

It  should  be  noted  that  not  all  variables  predicted  by  the  computer  model  are  of  practical  Interest, 
since  many  of  them  orovide  no  useful  Insioht  into  local  stress  concentrations  and  energy  transfer 
cannot  be  directly  measured  and  cannot  he  correlated  to  the  occurrence  of  injury.  Mo  doubt  as 
measurement  techninues  become  more  sophisticated,  addlt.onal  body  dynamic  variables  will  be 
considered.  For  the  present,  however,  emphasis  has  been  placed  on  the  calculation  of  variables 
most  easily  comparable  to  ones  measured  durino  experimentation  as  well  as  those  most  applicable  to 
injury  probability  prediction. 

Thus  the  variables  chosen  for  comparison  have  consisted  of  forces  In  the  harness  system  which  transfer 
most  of  the  Impact  eneroy  to  the  body,  linear  resultant  accelerations  of  the  head  and  chest,  displace- 
ment of  the  lower  torso  and  the  three-dimensional  displacements  of  all  body  seoments.  Contact  forces 
between  the  subject  and  the  seat  pan  were  also  calculated,  but  measured  data  were  not  available  for 
comparison. 

In  all  the  data  comparisons,  aareement  was  very  good  with  the  exception  of  the  head  resultant 
acceleration.  In  some  cases,  even  closer  aareement  could  have  been  achieved  by  minor  readjustments 
in  some  of  the  parameters.  However,  "fine  tuning*  of  the  model  parameters  was  generally  avoided,  and 
no  parameter  changes  in  the  model  structure  were  made  In  the  I0-,  8-  and  6-g  impact  simulations. 

The  particular  events  chosen  for  simulation  were  well  within  the  safe  exposure  range,  with  the  most 
serious  observed  injuries  being  minor  abrasions  from  the  harness  straps  and  occasional  mild  muscle 
strains.  Also,  the  combination  of  load  levels  applied  and  harness  geometry  used  resulted  in  limited 
limb  motion  during  the  impact.  With  the  exception  of  the  knee,  none  of  the  limbs  approached  their 
normal  range  of  motion  levels. 

While  this  choice  of  simulation  events  was  useful  for  demonstratin'  the  predictive  validity  of  the 
ATB  Model  for  inertial  segment  response.  It  avoided  the  situations  where  relative  limb  rotations 
were  large  and  significant  Internal  joint  toroues  were  generated.  The  present  model  structure  does 
provide  for  the  application  ef  such  joint  toroues  as  a function  of  relative  segment  angular  orientation. 
However,  the  joint  data  used  are  only  approximate,  and  for  cases  of  complex  joint  motion,  especially 
into  regions  beyond  the  normal  ranee  of  motion,  response  of  the  model  is  questionable.  Presently 
a study  is  being  carried  out  under  the  sponsorship  of  our  laboratory  to  provide  detailed, 
quantitative  internal  joint  torque  versus  adlacent  segment  relative  orientation  data  for  the 
shoulder,  elbow,  hip,  knee  and  ankle  joints.  This  data  will  considerably  Improve  the  ATB  Model's 
predictive  capability  for  events  Involvino  larqe  joint  excursions. 

The  type  of  events  simulated  also  allowed  a potentially  lame  dynamic  response  variation  due  to 
voluntary  and  involuntary  muscle  actions.  This  effect  was  felt  to  be  particularly  significant  in 
the  observed  head  response,  and  was  reflected  In  the  significant  differences  between  the  simulated 
and  experimental  head  acceleration  time  histories.  A more  detailed  analysis  of  the  head  response 
using  the  same  model  as  employed  in  this  study  and  Including  some  of  the  effects  of  the  active 
musculature  has  been  carried  out  by  Frisch  (13,14). 

The  results  of  this  study  Indicate  that  the  ATB  Model  Is  a useful,  predictive  tool  for  the  analysis  of  whole 
body  articulated  response  to  Impact.  It  leaves  little  doubt  that  It  provides  a reliable,  dynamic 
Internolatlve  method  for  predicting  changes  In  harness  system  loading  on  the  body,  accelerations  of 
segments  and  Interactive  force  levels  between  body  segments  and  external  system  structural  components 
for  different  Impact  loads.  It  also  accurately  provides  predictions  of  body  segment  motions  where 
internal  joint  torques  are  not  significant  or  Joints  are  not  forced  beyond  norm»l  motion  envelopes. 

Though  model  application  to  the  simulation  of  the  presently  described  Impacts  has  proven  quite 
successful,  several  model  Improvements  are  currently  belnn  made  and  some  programs  are  being  carried 
out  to  refine  the  model  data  base.  Among  the  Improvements  to  the  model  structure  are  capabilities  to 
allow  lateral  harness  belt  motion  over  the  body  surface,  permit  dissipation  of  enargy  In  the  harness 
bodv  Interaction  and  specify  Independent  harness  system  and  body  segment  compliances.  Concurrent  programs 
are  being  pursued  to  provide  accurate  data  on  the  resistive  torgue  properties  of  major  human  long-bon* 
joints  as  functions  of  adjacent  segment  angular  orientations,  failure  load  levels  for  these  same  joints 
and  more  detailed  data  on  human  body  segment  mass  distributions. 
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DISCUSSION 


HENRY  JEX  (USA) 

Can  your  model  be  exercised  to  show  the  responses  to  more  complex  waveforms 
such  as  periodic  motions  (e.g.»  such  as  vibrations)? 

AUTHOR'S  REPLY 

While  the  method  of  analysis  used  with  the  model  is  quite  versatile  for  predicting 
response  to  practically  any  time-dependent  input,  its  application  to  the  pre- 
diction of  body  response  to  periodic  forces,  while  possible,  would  be  highly  inef- 
ficient, The  reason  for  this  is  that  the  model  is  highly  nonlinear,  and  linear 
transform  methods  cannot  be  applied.  The  solutions  must  therefore  he  obtained  by 
means  of  multiple  integrations  in  the  time  domain.  For  periodic  forces  this  gen- 
erally leads  to  very  long  computer  run  times  and  exorbitant  costs. 

Q.  R,  ALLEN  (UK) 

(a)  Should  not  damping  in  the  Joints  be  included  in  the  model,  or  were  its  effects 
negligible? 

(b)  For  completeness,  presumably  elastic  properties  (mass-spring-damping)  should 
be  added  to  the  model.  Their  absence  could  partly  explain  the  discrepancy 
between  experimental  and  theoretical  head  acceleration  (Fig  11)? 

AUTHOR'S  REPLY 

The  model  In  its  present  form  does  account  for  damping  and  elastic  properties  of 
the  Joints.  While  the  specification  of  these  properties  can  no  doubt  be  improved 
in  all  the  Joints  - and  will  be  as  new  data  become  available  - the  discrepancy 
between  experimentally  observed  and  theoretically  predicted  response  for  the  head 
appears  to  be  due  to  active  pre-tensing  of  muscles  in  the  cervical  region  by  the 
subject  prior  to  the  impact,  and  the  current  model  inadequacies  in  accounting  for 
these  muscle  forces. 


PROCEDURES  USED  TO  GENERATE  INPUT  DATA  SETS  FOR 
THE  ARTICULATED  TOTAL  AODY  MODEL  FROM  ANTHROPOMETRIC  DATA 


Duane  G.  Loet,  Ph.D. 

University  of  Dayton  Research  Institute 
Dayton,  Ohio  45469 


l.  INTRODUCTION 

Protection  of  passengers  from  injury  during  vehicle  and  aircraft  crashes  and  the 
protection  of  a crew  from  injury  durinq  aircraft  ejection  situations  is  one  of  the  impor- 
tant design  objectives  of  vehicle  and  aircraft  design  eng i nee.  s . An  increasingly  impor- 
tant tool  is  evaluating  the  safety  aspects  of  different  designs  is  computer  software  sim- 
ulation. Calspar,  Corporation  has  developed  a particularly  sophisticated  class  of  these 
programs.  The  class  includes  the  3-D  Crash  Victim  Simulator  (CVS!  Mode1,  developed  under 
DOT  sponsorship  (Fleck,  et  al,  1974),  and  the  Articulated  Total  Body  (ATB)  Model,  develop- 
ed from  the  CVS  Model  under  the  sponsorship  of  the  O.b.  Air  Force  Aerospace  Medical  Re- 
search Laboratories  ( AMRL)  specifically  fet  application  to  aerospace-type  problems  (Fleck 
and  Butler,  1975).  These  programs  model  the  human  (or  laboratory  animal)  body  as  a multi- 
segment  chained  system.  Currently  15  seqments  are  defined:  head,  neck,  upper  arm  (left 
and  right),  lower  arm  (left  and  right;  includes  the  hand),  upper  torso  (thoracic  region), 
middle  torso  (viscera),  lower  torso  (pelvic  region),  upper  leg  (left  and  right),  lower 
leg  (left  and  right),  and  foot  (left  and  right).  Figure  1 provides  two  views  of  a body 
on  which  standard  body  segment  cut-planes  have  beer  marked.  The  actual  body'  landmarks 
defining  these  cut-planes  are  described  in  Chandler,  et  al  (1975). 


Figure  1.  The  Fifteen  Body  Segments  Marked  on  (a)  Front  and  (b)  Right  Side  Views 
of  a Six-Year-Old  Child  Manikin  Developed  From  Anthropometric  Data  By 
Young,  et  al  (1976). 


Among  the  input  data  required  on  ea-h  segment  are: 

- inertial  properties  (mass,  ce-  of  mass,  principal  moments,  principal  axes 
orientation) . 

- contact  ellipsoic  timensions,  axt  .igin  with  respect  to  the  center  of  mass, 
and  axes  orientation  with  respect  to  the  principal  axes. 

- joint  locations  with  respect  to  the  center  of  mass,  and  joint  axes  orientations 
(Each  joint  has  two  sets  of  axes,  one  for  each  segment  associated  with  the  joint. 
These  axes  are  used  to  define  torques  at  the  joint.) 

* various  joint  stiffness  and  friction  constants. 

If  addition,  data  must  be  supplied  to  define  the  initial  orientation  of  the  body  with 
i" spec t to  an  external  reference  coordinate  system.  The  environment  (contact  planes, 
restraint  systems)  must  also  be  defined,  as  well  as  remaining  initial  conditions  and  the 
external  stimuli  to  be  applied  to  the  system. 
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The  program  simulates  the  dynamics  of  body  motion  using  a unique  method  that  has 
been  shown  to  be  equivalent  to  the  Lagrange  method.  Motion  picture  films  of  the  dynamics 
can  be  produced  through  the  use  of  plot  packages  supplied  with  the  simulation  program. 

The  quality  of  the  simulation  is  demonstrated  in  the  paper  in  this  session  by  Ints  Kaleps. 

The  University  of  Dayton  Research  Institute,  under  the  sponsorship  of  AMRL,  is  cur- 
rently involved  in  a research  program  to  develop  input  dsta  sets  for  the  ATB  Model  pro- 
gram. The  next  four  sections  of  this  paper  provide  a general  background  for  the  techni- 
ques we  have  developed  to  generate  these  input  data  sets  from  anthropometric  data.  The 
final  section  discusses  the  current  state-of-the-art  in  implementing  these  techniques. 

The  appendices  provide  some  details  on  the  techniques  that  have  been  developed. 


2.  TECHNIQUES  USED  TO  GENERATE  BODY  SEGMENT  INERTIAL  DATA 

There  are  two  basic  approaches  used  to  obtain  body  segment  inertial  data.  One 
approach  is  to  perform  actual  pendulum-type  measurements  on  cadaveric  body  segments.  , 
There  have  been  only  two  significant  studies  performed  in  the  U.S.  on  human  cadavers  us- 
ing this  approach,  one  by  Chandler,  et  al  (1975),  which  included  data  on  all  the  body 
segments  of  six  adult  male  cadavers,  and  the  other  by  Walker,  et  al  (19'Sj,  which  empha- 
sized the  head  and  neck  segments  of  20  adult  male  cadavers.  The  second  approach  is  to 
construct  a geometric  model  of  a body  segment  and  compute  the  model's  inertial  properties. 
Data  used  to  construct  che  models  are  from  one  of  two  sources:  anthropometric  or  bio- 
stereometric measurements.  We  will  be  emphasizing  techniques  for  constructing  the  geo- 
metric models  from  anthropometric  data. 

Previous  body  segment  geometric  models  have  been  homogeneous  ellipsoids,  cylinders 
or  frustrums  of  circular  cones.  (See,  for  example,  Reynolds  (19741.1  We  have*  developed 
the  mathematics  for  a more  general  geometric  shape  shown  in  Figure  2.  This  sgement  model 
can  have  up  to  three  parts.  One  of  these  parts  is  the  right  elliptical  sol.d,  which  has 
these  characteristics: 

- It  has  two  parallel  elliptical  end-planes.  A z-axis  is  defined  through  the  cen- 
troids of  these  end-planes  and  is  normal  to  both  planes. 

- The  end-planes  and  any  other  cross-section  parallel  to  them  are  ellipses  with 
centers  on  the  z-axis  and  semiaxes  in  the  xz-  or  yz-planes. 


Simply  Transected 
Elliptical  Cylinder 


Right  Elliptical 
Solid 


Simply  Transected 
Elliptical  Cylinder 


Figure  2.  The  General  Geometric  Model, 


For  our  purposes,  the  shapes  of  the  right  elliptical  solid  is  further  restricted 
to  those  that  can  be  defined  by  supplying  the  semiaxis  values  of  the  end-planes  and  a 
single  cross-section  somewhere  between  the  end-planes.  Although  the  other  geometric 
models  mentioned  have  the  advantage  of  having  existing  ciosed-form  expressions  for  their 
inertial  properties,  they  are  relatively  poor  approximations  to  actual  body  segment  shapes 
when  compared  to  the  right  elliptical  solids  described  here. 

The  other  parts  of  the  segment  model  in  Figure  2 are  homogeneous  simply-transected 
elliptical  cylinders,  A simply-transected  elliptical  cylinder  is  an  elliptical  cylinder 
that  has  been  cut  diagonally  from  the  edge  of  one  end-plane  to  the  opposite  edge  of  the 
other  end-plane.  In  addition,  if  a coordinate  system  is  defined  with  the  z-axis  passing 
through  the  centroids  of  the  end-planes,  the  cut- plane  is  parallel  to  either  the  x-axis 
or  the  y-axis.  In  the  segment  model  there  can  be  one  simply-transected  elliptical  cylin- 
der at  each  end  of  the  right  elliptical  solid. 

To  complete  the  specification  of  our  body  segment  geometric  model,  we  require  that 
the  z-axes  of  the  three  parts  coincide  and  their  xz-  and  yz-planes  must  iine-up,  although 
they  need  not  coincide,  (For  example,  the  xz-plane  of  a simply-transected  elliptical 
cylinder  can  line-up  with  the  yz-plane  of  the  right  elliptical  solid.) 
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The  basic  procedure  for  computing  the  Inertial  properties  of  a body  segment  using 
this  model  iss 

1.  Select  one  of  the  following  models: 

a.  Right  elliptical  solid. 

b.  Simply-transected  elliptical  cylinder. 

c.  Right  elliptical  solid  with  a simply-transected  elliptical  cyllndor  at  one 
end. 

d.  Right  elliptical  solid  with  simply-transected  elliptical  cylinders  at  each 
end, 

2.  Define  the  local  coordinate  system  for  each  part  and  a coordinate  system  for 
the  segment  model  as  a whole. 

3.  If  the  model  includes  a right  elliptical  solid: 

a.  Identify  the  proximal,  mid,  and  distal  planes. 

b.  Determine  the  semiaxes  for  these  planes  and  the  distances  between  them. 

c.  Determine  the  density. 

d.  Run  the  program  MISEC2 . 

4.  For  each  simply-transected  elliptical  cylinder: 

a.  Determine  the  base  semiaxes  and  the  height. 

b.  Run  the  program  "Simply-Transected  Elliptical  Cylinders," 

5.  Combine  the  individual  segment  inertia  properties  using  the  program  "Parallel 
Axis  Theorem." 

6.  Obtain  the  segment  principal  moments  and  direction  cosine  matrix  using  an  avail- 
able eigenvalue  and  eigenvector  program. 

Step  2 requires  that  local  coordinate  systems  be  defined  for  each  part  of  the  seg- 
ment. It  is  helpful  to  orient  the  segment  to  the  rest  of  the  body  by  defining  proximal 
and  distal  ends  for  the  segment  as  a whole  and  for  each  of  its  parts,  with  the  distal  end 
being  furthest  from  the  head.  Assuming  each  part  has  a proximal  end-plane,  the  origins 
of  the  local  coordinate  systems  can  bo  located  at  the  distal  end-plane  centroids:  other- 
wise, the  origin  can  be  located  at  the  distal  end-plane  centroid.  By  convention,  the 
orientation  of  a segment's  positive  z-axis  is  along  the  cylindrical  axis,  from  the  proxi- 
mal end  to  the  diBtal  end.  Tho  positive  orientation  of  a segment's  y-axis  should  be  right 
lateral  (out  tho  right  sido) . It  follows  that  tho  positive  orientation  of  a segment's 
x-axis  should  be  anterior  (out  the  front) . 

The  MISEC2  program  in  Step  3d  is  a very  fast  interactive  FORTRAN  program  written  to 
compute  the  inertial  properties  of  the  homogeneous  right  elliptical  solid  (Loot,  1978a). 
The  program  approximates  the  solid  as  a stack  of  elliptical  cylinders  of  varying  semiaxes 
values,  computes  the  inertial  properties  of  each  cylinder,  computes  the  center  of  mass  of 
the  solid  as  a wholo,  and  then  used  the  parallel  axis  theorem  to  shift  tho  individual  cy- 
linder's contor  of  rotation  to  tho  solid's  center  of  mass,  whore  they  are  appropriately 
summed  to  provido  tho  solid's  moments  of  inertia  about  its  center  of  mass. 

The  closed-form  expressions  for  the  inertial  properties  of  a simply-transected  el- 
liptical cylinder,  developed  in  beet  (1978b),  are  summarized  in  Appendix  B.  A convenient 
HP-97  Calculator  program  "Simply-Transected  Elliptical  Cylinders"  has  been  written  that 
computes  these  properties  with  respect  to  various  axis  orientations. 

The  HP-97  program  "Parallel  Axis  Theorem"  mentioned  in  Step  5 has  been  documented 
in  beet  (1978d). 
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Appendix  A specifies  the  anthropometric  data  required  for  each  of  the  body  segments 
in  order  to  use  tho  above  procedure. 

Tho  head  and  neck  body  segments  arc  special  shapes  and  wo  have  developed  special 
procedures  for  them.  Previously,  the  geometric  model  used  for  the  head  was  either  a homo- 
geneous sphere  or  ellipsoid.  Anthropometric  measurements  were  made  of  the  head's  length, 
width,  and  depth,  and  approximate  ellipsoid  defined.  The  the  principal  moments  were  com- 
puted from  the  closed-form  expressions.  The  principal  axes  are  naturally  coincident  with 
the  geometric  axes, 

We  have  developed  a novel  procedure  to  obtain  the  head's  principal  moments  of  iner- 
tia and  principal  axes.  This  procedure  is  outlined  in  the  following  steps: 

1,  Determine  these  head  measurements: 

a.  Head  length  (measured  from  the  middle  of  the  forehead  , just  above  the  eye- 
brows, to  the  middle  of  the  back  of  the  head), 

b.  Head  breadth  (the  maximum  breadth  of  the  head). 

c.  Head  height  (the  distance  from  the  chin  to  the  top  of  the  head,  in  a verti- 
cal direction) , 

d.  Hass  (Homogeneity  is  still  assumed.), 

2,  Obtain  a direction  cosine  matrix  defining  the  principal  axes  orientation  with 
respect  to  a standard  local  axis  system,  and  the  coefficients  of  the  linear 
equations  relating  the  principal  moments  computed  from  the  ellipsoid  model  to 
the  true  principal  moment  values. 

3,  Use  the  program  "Moments  of  Inertia  of  a Rotated  Ellipsoid"  to  compute  the 
principal  moments  of  the  head. 


'•Precise  anthropometric  terminology  exists  for  all  locations  mentioned:  it  can  bo  obtained 
from  the  author.  It  is  felt  that  more  common,  albeit  less  precise,  terminology  is  more 
appropriate  for  this  paper. 
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The  mass  in  Step  1 can  be  determined  by  obtaining  the  volume  value  by  emersion  and 

multiplying  it  by  a density  representative  of  the  class  of  humans  being  modeled.  For 

example,  Chandler,  et  al  (1975)  have  determine  that  the  average  uensity  for  the  head  seg- 
ments of  six  adult  male  cadavers  was  1.056  (SD  * .020). 

The  direction  cosine  matrix  mentioned  in  Step  2,  which  defines  the  orientation  of 
the  principal  axes,  has  been  determined  for  the  adult  male  from  the  Chandler  data  (Leet, 
1978c) . This  matrix  is 

'0.6484  0.0000  -0.7613  ' 

0.0000  1.0000  0.0000 

.0.7613  0.0000  0.6484. 

The  standard  local  reference  system  used  has  its  origin  at  the  head's  center  of  mass, 
with  the  positive  x-axis  m the  forward  direction  (It  exits  the  head  at  about  a point 
midway  between  the  eyes  at  the  leva),  of  the  eyebrows.),  positive  y-axis  to  the  right, 
and  positive  z-axis  straight  down,  all  with  the  head  level  and  eyes  straight  ahead.  (The 
technical  terminology  is  "head  oriented  in  the  Frankfort  Plane.")  The  direction  cosine 
matrix  specifies  that  the  principal  x-axis  is  rotated  49.6°  counterclockwise  about  the 
local  reference  y-axis:  this  axis  exits  the  head  at  about  the  top  of  the  forehead,  (The 
temptation  was  to  say  at  the  hairline,  but  that,  unfortunately,  can  be  too  misleading.) 
The  positive  principal  z-axis,  therefore,  exits  the  head  approximately  through  the  mouth. 

The  "Moments  of  Inertia  of  a Rotated  Ellipsoid"  program,  which  is  documented  in 
Leet  (1978c),  uses  the  three  specified  head  dimensions  to  define  an  ellipsoid  whose  axes 
are  oriented  parallel  to  the  local  reference  axes  and  centered  at  the  geometric  center  of 
the  head.  It  then  uses  the  direction  cosine  matrix  to  define  a new  ellipsoid  whose  axes 
are  centered  at  the  geometric  center,  but  oriented  parallel  to  the  principal  axes.  The 
semiaxis  lengths  for  this  elliosoid  are  taken  as  the  distances  from  the  origins  to  the 
intersection  of  the  principal  axes  with  the  first  ellipsoid.  The  principal  moments  of 
the  new  ellipsoid  are  then  calculated. 
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figure  3.  The  Heed's  Iax)t  Principal  Moment,  Computed  Using  Rotated 
Ellipsoid  Geometric  Model,  Compered  to  the  Experimentally 
Determined  Principal  Moment,  I*x. 

Hie  principal  moments  obtained  by  applying  this  procedure  to  the  six  cadaver  heads 
of  the  Chandler  data  were  linearly  correlated  with  the  empirically  determined  principal 
moments.  There  wee  e high  degree  of  correlation,  as  can  be  seen  in  Figures  3 through  5, 
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Figure  4.  Tho  Hoad’s  I Principal  Moment,  Computed  Using  the  Rotated  Ellipsoid 
Geometric  Model,  Compared  to  the  Experimentally  Determined  Principal 
Moment,  *yy 
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Figure  *>.  Tho  lllZ7.  Principal  Moment,  Computed  Using  the  Rotated  Ellipsoid  i '.comet 
tic  Model,  Computed  to  the  Experimentally  Determined  Principal  Moment , 
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with  the  equations  being; 


1.9H 

I - 82.99 

(r2  = 0.99) 

axx 

1.52 

I „„  - 77.66 

(r  = 0.99) 

ayy 

•j 

1 . 16 

I - 24.22 

azz 

(t*  = 0.92) 

(’’’he  experimentally  determined  moments  are  I*  and  the  computed  moments  are  Ia.)  It  is 
the  coefficients  of  these  equations  that  are  referred  to  in  Step  2.  The  "Moments  of  In- 
ertia of  a Rotated  Ellipsoid"  program  has  the  capability  of  performing  these  linear  trans- 
formations . 


The  only  inertial  properties  of  the  head  not  yet  discussed  is  the  center  of  mass.  At 
present  we  know  of  no  technique  for  determining  the  center  of  mass  of  the  head  from  an- 
th.oj'cn.cti'ic  data.  Edward  Pecker  (1973),  at  the  Naval  Aerospace  Medical  Research  Labora- 
tory, has  shown  that  for  adult  male  cadavers,  at  least,  there  is  only  a relatively  small 
variability  in  the  location  of  the  head's  center  of  mass  about  a mean  value  of  13  mm  in 
the  +x-direction  and  21  mm  in  the  -z-direction  from  the  ear  hole  and  midway  between  the 
ears. 


The  neck  segment  is  a complex  geometric  shape,  as  shown  in  side  view  in  Figure  6a. 
there  are  two  cut-planes  between  the  head  and  the  neck:  One  is  parallel  to  the  Frankfort 
Plane,  passing  from  the  back  of  the  head  along  the  base  of  the  skull  to  a point  just  be- 
hind the  ear:  the  other  is  parallel  to  the  body  reference  y-axis  and  runs  from  the  point 
just  behind  the  ear  (on  the  mastoid)  tangent  to  the  upper  portion  of  the  Adam's  apple  and 
out  the  front  of  the  neck.  The  cut-plane  between  the  neck  and  the  upper  torso  is  parallel 
to  the  body  reference  y-axis  and  passes  through  the  vertebral  landmark  at  the  lower  back 
of  the  neck  called  the  cervicale  and  a point  just  above  where  the  two  collar  bones  meet 
(the  suprasternale) . 

The  neck  segment  has  been  modeled  as  a three  part  solid:  two  simply-transected 
elliptical  semicylinders  with  the  surface  curve  removed  on  top  of  a right  elliptical  cyl- 
inder (Figure  6b) . Figure  6c  is  a perspective  view  of  a simply-transected  elliptical 
semicylinder  with  the  surface  curve  removed.  In  words,  a semicylinder  is  a cylinder  that 
has  been  bisected  along  its  long,  or  z-y  axis,  the  cut-plane  being  parallel  to  either  the 
x-  or  y-axis.  “Simply-transected"  means  that  the  semicylinder  is  cut  by  a plane  that  is 
parallel  to  the  same  axis  as  the  bisecting  cut-plane  and  runs  from  the  bisecting  cut-plane 
at  one  end-plane  to  the  opposite  side  of  the  other  cut-plane.  The  remaining  part  of  the 
description  specifies  that  the  bisecting  cut-plane  is  part  of  the  solid.  The  part  that 
is  removed  is  the  part  containing  the  cylinder's  surface  curve. 

A FORTRAN  program  has  been  written  that  uses  the  anthropometric  data  on  the  neck 
listed  in  Appendix  A to  compute  the  inertial  properties  of  the  solid  with  respect  to  a 
coordinate  system  with  origin  at  the  center  of  mass  and  axes  in  the  same  directions  as 
the  head  reference  system  (Leet,  1978e) . The  program  uses  the  inertial  properties  of  the 
simply-transected  elliptical  semicylinder  with  the  surface  curve  removed,  which  are  sum- 
marized in  Appendix  C,  the  inertial  properties  of  an  elliptical  cylinder,  the  parallel  axis 
theorem,  and  some  geometric  relationships  to  determine  the  model's  inertial  properties. 


Figure  6a.  Side  View  of  the  Neck  Segment. 
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figure  6b. 


Figure  6c. 


Perspective  View  of  a Simply-Transected  Elliptical  Semicyl ir.der 
with  the  Surface  Curve  Removed. 


3.  TECHNIQUES  USED  TO  ESTIMATE  JOINT  LOCATIONS 

The  body  segments  in  the  ATB  Model  are  connected  at  joints  to  form  the  total  body. 

The  location  of  each  segment's  oints  must  be  defined  with  respect  to  the  segment's  prin- 
cipal axes.  In  general,  the  segment's  cut-planes  are  so  defined  that  their  centroids  are 
the  joint  loci.2  Therefore,  the  inertia  computation  process  outlined  above  provides  the 
necessary  information  to  determine  the  joint  locations.  However,  there  are  some  excep- 
tions. The  head-neck  joint  is  located  at  the  mid-point  of  the  line  connecting  the  mas- 
toids  (the  bone  behind  the  car).  To  locate  this  point  with  respect  to  the  head's  center 
of  mass,  anthropometric  data  must  be  available  relating  the  center  of  mass  to  the  mastoids. 
The  neck  modeling  procedure  provided  information  on  this  joint's  location  in  the  neck. 

The  neck  has  a second  joint,  the  upper  toi so-neck  joint.  Assuming  that  is  is  lo- 
cated the  same  distance  from  the  back  of  the  neck  as  the  head-neck  joint,  the  coordinates 
of  this  joint  in  the  neck  can  bo  obtained  from  the  neck  modeling  procedure'.  The  coordi- 
nates ot  the  joint  with  respect  to  the  centroid  of  the  cut-plane  between  the  neck  and 
upper  torso  can  also  be  determined.  These  coordinates  can  be  transferred  to  the  upper 
torso  to  provide  the  joint's  location  in  the  upper  torso. 

The  shoulder  joints  are  located  using  valueB  from  the  up(»er  arm  and  upper  torso 
models.  The  joint  is  assured  to  be  one-third  the  distance  from  the  top  of  the  shoulder 
(acromion)  to  the  arm  pit  (axilla),  measured  from  ihe  acromion.  (This  fraction  is  the 
subject  of  some  controversy.) 

The  upper  teso-mid  torso  and  mid  torso-lower  torso  joint  locations  are  computed 
using  a formula  developed  by  Liu  and  Wickstrom  (1971).  With  the  standard  local  reference 
axis  system  having  the  txisitlvo  x-axis  forward,  the  positive  y-axis  to  the  right,  and  the 
positive  z-axls  down,  the  distance  in  the  -x-direetion  from  the  center  of  mass  is  given 
by  a^  + (W  / H * y) ) , where  and  aj  are  regression  coefficients  computed  by  the  au- 
thors for  each  vertebral  level,  W is  the  body  weight,  II  is  the  body  height,  and  V is  t'  ■ 
width  of  the  body  at  the  joint  location. 


It  is  recognized  that  there  is  a continuing  controversy  over  rules  that  locate  joints 
from  external  landmarks.  This  issue  can  not  be  addressed  in  this  short  summary;  the  re- 
sults in  this  paper  reflect  the  latest  thinking. 


The  upper  torso-mid  torso  joint  is  located  at  about  the  level  of  the  T7  vertebra. 

The  -x-distanee  can  be  computed  by  averaging  the  values  obtained  from  the  Liu  and  Wiek- 
strom  formula  for  the  T6,  T7,  and  T8  vertebrae.  The  mid-torso-lower  torso  joint  is  lo- 
cated at  about  the  level  of  the  L3  vertebra.  The  -x-distance  can  be  computed  by  aver- 
aging the  values  obtained  from  th  Liu  and  Wickstrom  formula  for  the  L3,  L3,  and  L4  ver- 
tebrae. To  complete  the  coordinate  definitions:  the  y-coordxnates  for  both  points  are 
zero;  the  z-eoordinates  can  be  obtained  from  the  geometric  models  of  the  segments. 

Specifications  of  the  hip  joint  locations  requires  the  geometric  model  of  the  lower 
torso  and  the  anthropometric  measurements  bispinous  breadth  (the  point  of  the  hip  bone  in 
the  lower  abdomen)  » which  is  used  to  compute  the  y-coordinate  (bispinous  breadth/.*)  , the 
trochanterion  height  (the  hollow  on  the  side  of  the  hip),  which  is  used  to  compute  the  z- 
coordinate,  and  the  trochanterion-to-seat-back  distance,  which  is  used  to  compute  the  x- 
coordinate.  (In  the  geometric  model  calculations,  the  center  of  mass  is  defined  with  re- 
spect to  the  top  end-plane  centroid.  Knowledge  of  the  vertical  distance  from  the  end- 
plane,  which  is  the  iliocristale  height  (the  very  top  of  the  hip  bone),  to  the  trochan- 
terion is  enough  to  define  the  z-coordinate. I 

4.  TECHNIQUES  USED  TO  ESTIMATE  SEGMENT  CONTACT  ELLIPSOIDS 

The  surfaces  of  the  body  model  are  described  by  the  surfaces  of  ellipsoidal  shapes 
for  individual  body  segments.  The  present  state-of-the-art  provides  no  algorithm  for 
generating  the  dimensions  of  these  contact  ellipsoids;  instead,  the  following  set  of 
heuristics  is  offered.  But  first  it  should  be  pointed  out  that  the  segment  inertia  el- 
lipsoids are  independent  of  the  contact  ellipsoids.  The  objective  of  the  contact  ellip- 
soid construction  is  to  provide  a surface  description  for  conta_t  force  interactions  and 
to  generate  a representative  body  shape  for  graphic  display. 

The  technique  used  is  to  work  from  side  and  front  view  photographs  of  a person  re- 
presentative of  the  class  of  individuals  being  modeled.  The  person  should  be  in  this 
standard  sitting  position:  the  head  is  orierted  in  the  Frankfort  Plane,  the  upper  arms 
are  vertical  with  the  palms  in,  the  lower  arms  are  horizontal,  the  lower  legs  are  verti- 
cal, and  the  feet  are  flat  on  the  floor.  The  objective  here  is  to  position  the  axes  of 
the  body  segments  parallel  to  the  body  reference  axes.  The  outline  of  the  body  should  be 
clearly  visible  in  the  photographs,  and  scales  close  to  the  body  mid-planes  should  be  in- 
cluded. 

The  body  outline  and  scale  are  traced  on  graph  paper.  The  segment  cut-planes  are 
drawn  on  these  figures,  along  with  the  segment  principal  axes  at  the  center  of  mass.  At 
the  present  time  the  contact  ellipsoid  semiaxes  are  parallel  to  the  principal  axes  (The 
ATB  Model  program  has  the  option  of  reorienting  the  contact  ellipsoid  semiaxes,  but  to 
date  this  reorientation  has  not  been  required.).  The  intersections  of  the  segment  princi- 
pal axes  with  the  extreme  edges  of  the  segment  are  used,  along  with  a compass,  to  locate 
a first  estimate  of  the  contact  ellipsoid  origins.  The  coordinates  of  the  origins  with 
respect  to  the  segment  principal  axes  and  the  semiaxes  lengths  are  supplied  to  the  ATB 
Model  program.  This  program  is  run  for  zero  simulation  time,  followed  by  a body  ellipsoid 
outline  plot  program  to  obtain  plots  of  the  initial  position  of  the  total  body  in  its  en- 
vironment. Inspection  of  these  plots  ususally  suggested  adjustments  to  the  contact  ellip- 
soid dimensions  or  origin  locations. 

There  is  a definite  "art"  to  these  heuristics.  Furthermore,  the  interactive  pro- 
cess consumes  a comparatively  large  amount  of  computer  resources  and  time.  Therefore, 
contact  ellipsoid  determination  is  a prime  candidate  for  future  procedural  improvements. 

5.  TECHNIQUES  USED  TO  DEFINE  BODY  AND  JOINT  AXES  ORIENTATION 

The  body  orientation  in  the  environment  is  defined  in  the  ATB  Model  program  by  spec- 
ifying the  orientation  of  the  segment  principal  axes  with  respect  to  an  inertial  reference 
system  and  the  location  of  the  lower  torso  segment's  center  of  mass.  This  is  a straight- 
forward procedure. 

Two  coordinate  systems  must  be  defined  for  each  joint,  one  in  each  segment  associ- 
ated with  the  joint.  Their  relative  orientations  are  used  to  determine  the  torque  at  the 
joint.  A manual  procedure,  one  that  sets  the  usual  initial  condition  of  zero  joint  tor- 
que has  been  developed  and  an  automated  approach  using  an  interactive  computer  program 
is  under  development. 

The  required  Input  data  for  this  program  are  the  direction  angles  of  each  segment 
with  respect  to  the  segment's  local  reference  eyatem  and  the  angles  of  certain  body  seg- 
ment# with  respect  to  the  inertial  reference  system.  (Generally,  only  one  direction  angle 
por  segment  is  required.)  The  program  leads  the  user  through  the  required  input  data  by 
asking  simple,  completely  unambiguous  questions.  It  generates  an  annotated  card  deck  that 
can  be  used  directly  in  the  ATB  Model  program  input  data  deck  plus  a detailed  listing  in 
the  same  format  as  is  generated  by  the  ATS  Model  program. 
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6.  CONCLUDING  REMARKS 

The  obvious  temptation  for  any  programmer  is  to  create  one  large  interactive  pro- 
gram that  incorporates  all  the  techniques  developed  so  far,  plus  techniques  that  permit 
easy  definition  of  the  environment  and  contact  ellipsoids,  perhaps  under  light-pen  or 
cursor  control.  Indeed,  we  are  investigating  the  cost-effectiveness  of  such  a program. 

The  new  techniques  we  have  described  have  had  limited  testing  and  use.  We  are  hop- 
ing that  publication  of  these  techniques  at  this  time  will  lead  to  further  testing  of 
them,  along  with  the  communicat ion  to  us  of  any  needed  imprcv  ents. 

Our  research  program  will  have  an  impact  on  the  sciences  of  anthropometry  and  anat- 
omy in  a couple  of  ways.  Tirst,  the  qeomctric  models  we  have  developed  require  some  new 
anthropometric  measurements.  We  have  been  working  closely  with  experts  in  these  fields 
to  insure  that  the  desired  measurements  are  practical  and  appropriately  defined.  Second, 
it  more  accurate  geometric  models  of  body  segments  are  required,  improvement  will  most 
likely  be  made  by  defining  density  distributions  within  segments.  No  suen  data  currently 
exist . 
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APPENDIX  A:  GEOMETRIC  MODELS  OF  BODY  SEGMENTS  AND  THEIR  ANTHROPOMETRIC  DATA  REQUIREMENTS 

A. I THE  HEAD  ANTHROPOMETRIC  DATA 

1.  Head  Length,  hi 

2.  Head  Depth  (height),  hd 

3.  Head  Breadth,  hb 

4.  Head,  mastoid-to-vertex  vertical  distance,  hmv 

5.  Head,  mastoid-to-back-of  head  horizontal  distance,  hab 

6.  Head,  mastoid-to-ear  hole  distance  (x-  and  z-coordinates) , (hmex,  hmez) 


THE  NECK  ANTHROPOMETRIC  DATA 

1.  Head,  mastoid-to-vertex  vertical  distance,  nmv 

2.  Head,  mastoid-to-back-of  head  horizontal  distance,  nmb 

3.  Adam’s  apple-to-wal 1 distance,  nax 

4.  Adam's  apple  to  vertex  vertical  distance,  naz 

5.  Cervicale-to-suprasternale  distance,  ncs 

6.  Cervicale-to-Adam's  apple  distance,  nac 

7.  Cervicale- to-mastoid  distance,  projection  on  the  midsaqittal  plane,  ncm 

8.  Mastoid  to  Adam's  apple  distance,  projection  on  the  midsaqittal  plane,  nam 

9.  Suprasternale  to  Adam's  apple  distance,  nas 

0.  Mid-neck  depth,  nd 

1.  Mid-neck  breadth,  :ib 

,2.  Mastoid-to-mastoid  distance,  nnra 


UPPER  TORSO  ANTHROPOMETRIC  DATA 

Biacromial  Breadth,  utbb 

Horizontal  depth  at  suprasternale,  utbd 

Depth  at  axilla  level,  utad 

Breadth  at  axilla  level,  utab 

Circumference  at  axilla  level,  utac 

Depth  at  substernum  level,  utad 

Breadth  at  substernum  level,  utsb 

Circumference  at  substernum  level,  utsc 

Substernum-to-axilla  distance,  vertical,  utsa 


am: 
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9.  Depth  of  upper  arm  at  level  of  lower  arm-upper  arm  junction  (inside  elbow), 
ua  jd 

j.0.  Breadth  of  upper  arm  at  level  of  lower  arm-upper  arm  junction  (inside  elbow), 
ua  jb 

11,  Circumference  of  upper  arm  at  level  of  lower  arm-upper  arm  junction  (inside 
elbow) , ua jc 

12.  Axilla-to-acromion  length,  uaaa 

11.  Breadth  at  elbow,  uaeb 

14.  Circumference  at  elbow,  uaec 

15.  Upper  arm-lower  arm  volume  to  axilla-acromion  line,  vual 


Side  View 


A. 7 THE  LOWER  ARM-HAND  ANTHROPOMETRIC  DATA 

1.  Elbow-to-f inger  tip  length,  laet 

2.  Width  of  4 fingers  held  tightly  together,  lawf 

3.  Depth  of  thickest  finger  at  second  joint,  laf 

4.  Width  of  hand  and  thumb  together,  lawh 

5.  Maximum  depth  of  hand,  iadh 

6.  Depth  of  wrist,  lawd 

7.  Breadth  at  wrist,  lawb 

8.  Circumference  at  wrist,  lawd 

9.  Hand  length  to  wrist,  lal 

10.  Elbow-to-wrist  length,  laew 

11.  Depth  lower  arm  at  maximum  circumference,  lamd 

12.  Breadth  lower  arm  at  maximum  circumference,  lamb 

13.  Circumference  lower  arm  at  maximum  circumference,  lame 

14.  Elbow  to  lower  arm  maximum  circumference  distance,  lamx 

15.  Depth  of  lower  arm  at  arm  crease,  lacd 

16.  Breadth  of  lower  arm  at  arm  crease,  lacb 

17.  Circumference  of  lower  arm  at  arm  crease,  lacc 

18.  Elbow  circumference,  laec 

19.  Length  of  lower  arm  from  crease  to  finger  tip,  lacf 

20.  Volume  of  lower  arm-hand  segment,  lavh 


lacd  lamd 


lawd 
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A. 8 THE  UPPER  LEG  ANTHROPOMETRIC  DATA 

1.  Abdomen- thi>|h  junction  to  mid  kneecap  distance,  ulak 

2.  Buttocks  point  to  crease  at  back  of  knee  (The  buttocks  point  is  located  by  ex- 
tend le  i a line  from  the  abdi. men- thigh  junction  through  the  trochanter  ion  point 
to  the  surface  of  the  buttocks.),  ulbk 

3.  Depth  of  lei  at  level  of  the  crease  at  the  back  of  the  knee,  ulkd 

4.  Breadth  of  leg  at  level  of  the  crease  at  the  back  of  jhe  knee,  ulkb 

5.  Circumference  of  leg  at  level  of  the  crease  at  the  back  of  the  knee,  ulkc 

6.  Depth  of  leg  at  mid-thigh,  ulmd 

7.  Breadth  of  leg  at  mid-thigh,  ulmb 

8.  Circumference  of  leg  at  mid-thigh,  ulmc 

9.  Depth  of  leg  at  abdomen-t h ' i h junction,  ulad 

10.  Breadth  of  leg  at  abdomen-thigh  junction,  ulab 

11.  Circumference  of  leg  at  abdomen-thigh  junction,  ulac 

12.  Abdomen-thigh  junction  to  trochanter  ion,  ulat 

13.  Trochant er ion  to  buttocks  point,  ultb 

14.  Location  of  mid-thigh  measurements  to  abdomen-thigh  junction,  uima 

15.  Volume  of  leg  and  foot  (Submerge  to  line  connecting  abdomen-thigh  junction  and 
trochanter  ion. ) , lv 


A. 9 THE  LOWER  LEG  ANTHROPOMETRIC  DATA 

1.  Crease  at  back  of  knee  to  sphyrion  (lower  leg  inside  length! , Hi 

2.  Mid-kneecap  to  sphyrion  (lower  leg  outside  length),  llo 

3.  Depth  of  leg  at  level  of  the  crease  at  the  back  of  the  knee,  llkd 

4.  Breadth  of  leg  at  level  of  the  crease  at  the  back  of  the  knee,  llkb 

5.  Circumference  of  leg  at  level  of  the  crease  at  the  back  of  the  knee,  like 

6.  Crease  at  the  back  of  the  knee  to  mid-kneecap  distance,  lick 

7.  Depth  of  leg  at  maximum  calf  circumference,  lied 

8.  Breadth  of  leg  at  maximum  calf  circumference,  llcb 

9.  Circumference  of  leg  at  maximum  calf  circumference,  llcc 

10.  Sphyrion  to  level  where  maximum  calf  circumference  measurements  were  made,  Use 

11.  Depth  of  ankle  at  minimum  circumference,  llad 

12.  Breadth  of  ankle  at  minimum  circumference,  llab 

13.  Circumference  of  ankle  at  minimum  circumference,  llac 

14.  Volume  of  lower  leg  (submerge  to  line  connecting  crease  at  back  of  knee  with  the 
mid-kneecap),  llv 


Side  View 


Front  View 


A. 10  THE  FOOT 


1.  Heel-to-toe  length  (maximum  toot  length),  fl 

2.  Sphyrion  height,  £h 

3.  Foot  height  at  ball  of  foot,  fb 

4.  Big  toe  height  at  nail,  ft 

5.  Distance  from  distal  point  of  big  toe  to  point  where  fb  measurement  was  made 
ftl 

6.  Width  of  foot  at  tip  of  toes,  fwt 

7.  Width  of  foot  at  ball  of  foot,  fwb 

8.  Width  of  ankle  just  below  sphyrion,  fwa 

9.  Volume  of  foot  (submerged  to  sphyrion),  fv 


fl 


APPENDIX  B:  INERTIAL  PROPERTIES  OF  A SIMPLY-TRANSECTED  ELLIPTICAL  CYLINDER 
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The  density  is  implied  in  ail  moment  values. 
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APPENDIX  C:  INERTIAL  PROPERTIES  OF  A SIMPLY-TRANSECTED  ELLIPTICAL  SEMICYLINDER  WITH  THE 
SURFACE  CURVE  REMOVED 
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The  density  is  implied  in  all  moment  values. 
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(o)  SECTION  (b)  TOP  VIEW  (c)  SIDE  VIEW 
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CORRELATION  OF  MECHANISM  OF  EXTREMITY  INJURY  AND 
AERODYNAMIC  FACTORS  IN  EJECTIONS  FROM  F-4  AIRCRAFT 

Steven  P,  Combs,  Major,  USAF 
Aerospace  Medical  Research  Laboratory 
Aerospace  Medical  Division 
Air  Force  Systems  Command 
Wright-Patterson  Air  Force  Base,  Ohio  45433 


A retrospective  study  of  F-4  ejections  from  1967-77  revealed  extremity  injuries  during 
the  ejection  sequence  in  43  of  399  ejections  for  an  injury  rate  of  10.8%,  Of  the  43 
ejections  there  were  95  extremity  injuries.  The  injuries  were  divided  into  two  groups: 
Severe  and  Minimal.  Severe  injuries  consisted  of  fractures,  dislocations,  ligamentous 
tears  and  nerve  palseys.  There  were  61  severe  injuries.  Minimal  injuries  consisted 
of  contusions,  lacerations,  minor  sprains.  There  were  34  minimal  injuries.  The  61 
severe  injuries  were  divided  into  39  upper  extremity  injuries  and  22  lower  extremity 
injuries.  The  majority  of  the  severe  upper  extremity  injuries  involved  the  proximal 
joints  and  the  majority  of  the  severe  lower  extremity  injuries  involved  the  distal  joints. 
When  the  windblast/Vindflail  injuries  were  compared  to  the  various  variables  correlation 
was  seen  with  the  Knots  Indicated  Airspeed  (K1AS),  aircraft  attitude  and  aircraft 
type.  The  incident  of  extremity  injury  increases  with  increased  airspeed,  a nose 
down  attitude,  and  decreases  in  the  RF-4C  aircraft  configuration. 


I j , / . , ■ . 

. j The  problem  of  extremity  injury  during  emergency  escape  in  the  open  seat  ejection  has  been  a continuing 

f one  and  has  received  considerable  attention  over  the  past  decade.  Reports  by  Fryer  and  Payne,  and  by  Hawker 

s have  shown  extremity  injury  rates  resulting  from  wind  flail  forces  to  range  from  7%  to  9%.  The  extremity 

injury  rate  under  combat  conditions  has  risen  to  25%.  Based  upon  these  data,  it  was  decided  that  a retrospective 
f study  should  be  conducted  on  F-4  ejectees.  Its  purpose  was  to:  (a)  identify  the  musculoskeletal  regions  most 

! susceptable  to  windblast/wlndflatl  forces,  Cb)  identify  the  modes  and  severity  of  trauma,  and  (c)  speculate  on 

' the  biomechanics  of  motion  required  to  produce  the  injury  mode  observed.  Initially,  all  the  accident  reports  that 

| listed  an  extremity  injury  for  F-4  ejections  at  the  Air  Force  Inspection  and  Safety  Center,  Norton  AFB , CA, 

i were  carefully  reviewed  with  respect  to  aircrew/seat  anthropometry,  aerodynamic  conditions,  ejection  seat 

f type,  and  the  site,  type,  and  time  of  occurrence  of  injury  during  the  ejection  sequence. 

The  anthropometric  data  consisted  of  the  aircrewmen's  height,  weight,  age,  trunk  height,  sitting  height, 
leg  length,  knee-buttock  length,  and  shoulder  diameter;  aerodynamic  data  culled  included  Knots  Indicated 
Airspeed  CKIAS),  aircraft  attitude,  altitude  AGL  and/or  MSL,  and  aircraft  type.  The  ejection  seat  data  consisted 
| of  ejection  seat  type,  history  of  modification,  inertia  reel  type,  restraint  harness  type,  mode  of  ejection 

! initiation,  and  seat  and  body  position  at  ejection.  The  injury  data  consisted  of  the  type  and  location  of  the  injury, 

the  number  of  days  grounded  and  hospitalized,  and  the  results  of  any  radiographs  taken.  The  reports  were  also 
> ' screened  for  severity  of  parachute  opening  shock,  parachute  oscillations,  landing  terrain,  and  previous  ejections 

or  emergency  parachute  jumps. 

! These  preliminary  findings  indicated  that  of  the  399  noncombat  F-4  ejections  for  this  time  period,  there 

were  43  ejectees  who  sustained  long  bone  and/or  joint  trauma  that  could  be  attributed  to  emergency  escape 
sequence.  These  statistics  did  not  include  injuries  that  were  ascribabte  to  parachute  landing  kinematics.  Based 
upon  these  data,  the  extremity  injury  rate  for  the  decade  under  study  was  10.8%. 

Letters  were  written  to  the  respective  medical  centers,  and  post-ejection  radiographs  and  clinical  records 
were  retrieved.  Based  upon  clinical  and  radiographic  materials,  the  injuries  were  classified  as  either  severe 
or  minimal  injuries.  Severe  injuries  were  identified  as  long  bone  fractures  and  dislocations,  ligamentous  injuries, 
and  nerve  palseys.  The  ligamentous  injuries  were  those  requiring  either  surgical  repair  or  prolonged  immobilization 
over  one  week  including  meniscat  tears.  The  nerve  palseys  were  either  permanent  or  the  temporary  ones  that 
lasted  more  than  one  day.  The  severe  injuries  required  more  than  one  week  loss,  from  duty.  The  minimal  injuries 
, Included:  (1)  contusions  with  or  without  bruising  that  required  no  immobilization  and  resolved  in  2 days, 

(2)  lacerations  which  did  not  include  tendons,  major  arteries,  motor  nerves,  or  compound  fractures,  (3)  sprains 
(a  ligamentous  injury  that  does  not  cause  incontinuity  of  the  ligament)  which  required  no  more  immobilization  than 
an  elastic  bandage  and  did  not  prevent  the  aircrewmen  from  returning  to  duty. 

In  all,  there  were  95  extremity  injuries  recorded  for  the  43  ejections  studied.  Of  these,  61  were  identified 
as  severe  injuries  and  34  were  minimal  injuries.  The  severe  injuries  could  be  further  broken  down  into  39 
injuries  of  the  upper  extremity  and  22  injuries  of  the  lower  extremity. 

The  severe  upper  extremity  injuries  consisted  of  25  shoulder,  9 elbow,  3 forearm,  and  2 hand  injuries. 

These  were  attributable  to  the  following  forcing  functions  with  respect  to  the  ejection  sequence  with  injury  nunfcer 
listed  in  parenthesis:  (a)  retraction  [lj,  (b)  rocket  catapult  ignition  [6],  (c)  windblast  and  windftail  [321. 

A single  retraction  injury  was  found.  It  consisted  of  a fracture  of  the  midshaft  of  the  clavicle  that  was  the 
result  of  the  inertia  reel  forces  during  the  retraction  sequence  of  the  restraint  harness  shoulder  strap. 

The  six  injuries  occurring  during  rocket  catapult  ignition  are  listed  along  with  their  mechanisms  of  injury: 

(1)  Midshaft  ulnar  fracture  caused  by  a blow  to  the  ulnar  side  of  the  forearm  most  likely  the  result 
of  violent  contact  with  sill, 

(2  8 3)  A transverse  fracture  of  the  humerus  with  a median  nerve  palsey  caused  by  a blow  to  the 
midarm  by  the  cockpit  sill  secondary  to  a midair  collision. 
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(4)  A compound  midforearm  fracture  caused  by  the  arm  striking  the  idler  push-pull  rods  during 
an  inadvertent  ejection , 

(5)  An  ulnar  styloid  fracture  caused  by  a blow  to  the  dorsal  ulnar  side  of  the  wrist  by  the  console, 

(6)  Intraarticular  thumb  metacarpalphalangcal  (MCP)  joint  fracture  caused  by  a blow  to  the  ulnar 
side  of  the  distal  thumb  due  to  forceful  intcracticn  with  the  throttle. 

The  32  windblasi/windflail  Injuries  are  listed  below  with  the  mechanism  of  injury: 

(1)  3rd,  4th,  and  5th  metacarpal  fractures  caused  by  the  arm  flailing  and  striking  cither  the  seat 
or  personnel  equipment. 

(2  & 3)  Fractured  ulnar  coronoid  process  and  median  nerve  palscy  secondary  to  elbow  hyperextension. 

(4)  Posterior  elbow  dislocation  caused  by  hyporextension  of  the  elbow. 

(5-8)  Posterior  elbow  dislocation  and  proximal  ulnar  fracture  caused  by  hyperextension  of  the  elbow, 

(9  & 10)  Humeral  supracondylar  fracture  caused  by  hyperextension  of  the  eibow. 

<11)  Midshaft  humeral  fracture  caused  by  abduction  of  the  arm  and  striking  the  seat  or  from  violent 
muscular  contraction  in  an  attempt  to  control  the  arm. 

<12-17)  Proximal  humeral  fractures;  i.c. , greater  tuberosity  or  humeral  neck  fractures,  with 
tears  of  the  long  head  of  the  biceps  tendon  or  median  nerve  palscy  caused  by  hypcrabduction 
of  the  arm, 

(18)  Shoulder  dislocation,  an  anterior  subglenoid  type,  caused  by  hyperabduction  of  the  arm, 

(19-26)  Shoulder  dislocation  with  proximal  humeral  fracture  caused  by  hyperabduction  of  the  arm. 

(27-29)  Glenoid  fractures  associated  with  dislocated  shoulders  which  were  spontaneously  reduced, 
caused  by  hyperabduction  of  the  arm  with  or  without  external  rotation  of  the  arm. 

(30-32)  Scapular  fractures  of  the  spine  and  neck  caused  by  a blow  to  the  scapula  or  by  hyper- 
abduction of  the  arm. 

From  this  review,  it  is  apparent  that  the  severe  upper  extremity  injuries  were  proximal  involving  the  elbow 
and  shoulder.  The  elbow  severe  wlndflall  injuries  occurred  secondary  to  the  hyperextension  of  the  elbow.  The 
shoulder  severe  windflail  Injuries  occurred  secondary  to  hyperabduction  of  the  shoulder. 

The  22  severe  injuries  of  the  lower  extremities  consisted  of  2 ankle,  7 calf,  10  knee,  2 thigh,  and  1 hip 
injury.  These  could  also  be  classified  by  when  they  occurred  during  the  ejection  sequence:  retraction  (4),  seat 
ejection  (3).  and  windflail  (15). 

The  four  injuries  occurring  during  retraction  are  listed  with  their  mechanism  of  injury: 

(1-4)  Spiral  fractures  or  the  proximal  fibula  caused  by  a blow  to  the  fibular  head  by  dual  leg 
garter  configuration. 

The  three  injuries  occurring  during  seat  ejections  are  listed  with  mechanism  of  injury: 

(1  S 2)  Tibia!  plateau  fracture  with  transverse  fibular  fracture  occurring  from  a blow  to  the  lateral 
side  of  the  knee  secondary  to  a midair  collision. 

(3)  A compound  tibial-fibular  fracture  caused  by  entanglement  of  the  WSO's  (Weapons  Systems 
Operator)  foot  and  leg  in  the  pilot's  deployed  parachute. 

The  fifteen  injuries  occurring  during  windflail  are  listed  with  their  mechanism  of  injury: 

(1)  Lateral  subtalar  dislocation  with  fracture  of  the  anterior  calcanei  facet  caused  by  external 
rotation  of  the  foot. 

(2)  Medial  malleolar  fracture  caused  by  external  rotation  and  eversion  of  the  foot. 

<3  & 4)  Compound  comminuted  tibial  fibular  fracture  caused  by  external  rotational  forces  applied 
to  the  foot  and  calf. 

(5  & 6)  Internal  derangement  of  the  knee,  a nebulous  diagnosis  but  usually  a torn  meniscus, 

anterior  cruciate  ligament,  medial  collateral  ligament  or  capsule,  subsequently  diagnosed  as 
a torn  medial  collateral  ligament  with  the  mechanism  of  injury  being  external  rotation  of  the 
foot  and  calf. 

(7-10)  Medial  collateral  ligament  tears  caused  by  external  rotation  of  the  foot  and  calf,  which 
may  also  be  accompanied  by  a valgus  moment  of  the  foot  and  calf. 

(11)  Medial  collateral  ligament  and  anterior  cruciate  ligament  tear  caused  by  a forced  external 
rotatlon-valgus  moment  of  the  foot  and  calf. 

(12)  Knee  dislocation  with  a torn  medial  meniscus  and  medial  collateral  ligament  caused  by  a violent 
external  rotation  force  applied  to  the  foot  and  calf. 
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(13  S U)  Comminuted  fracture*  of  the  raidshaft  of  the  femur  most  likely  caused  hjr  torque 
applied  to  the  distal  femoral  shaft. 

(15)  Posterior  rim  of  the  acetabulum  fracture  that  could  result  from  a direct  blow  to  the  knee 
with  the  hip  flexed  to  90°  or  by  marked  external  rotation  of  the  leg  forcing  the  femoral 
head  against  the  posterior  rim  of  the  acetabulum. 

From  reviewing  the  mechanism  of  severe  windflail  Injuries  of  the  lower  extremity,  all  are  the  result  of 
excessive  external  rotation. 

The  majorltv  of  the  ejections  involved  the  Martin  Raker  117  seat  (.74  of  4.0.  The  rest  (9  of  431  Involved 
the  Martin-Raker  115  ejection  seat.  The  severe  windflail  injury  rate  for  the  ejections  studied  from  these  two 
seats  is  45.5*  for  the  115  ami  47.1*  for  the  117. 

A review  of  the  anthropometric  data  shows  no  significant  difference  between  the  minimal  and  severe 
windflail  Injury  groups  for  all  parameters  studied. 

A comparison  of  the  KIAS  (Knots  Indicated  Airspeed)  between  the  severe  windflail  group  and  the  minxnal 
injury  group  revealed  an  average  KIAS  of  40,7  knots  for  the  severe  group  and  310  knots  for  the  minimal 
Injury  group. 

In  analyzing  the  severe  injury  group,  it  was  noted  that  the  majority  (94%)  occurred  in  a nose  down  attitude 
as  compared  to  54*  for  the  minimal  injury  group,  if  the  attitude  of  UOK’  nose  down  is  considered,  the  severe 
injury  group  rate  was  92*  as  compared  to  only  14*  for  the  minimal  injury  group.  Ksamination  of  the  two 
ejections  lhat  compromise  this  14*  for  the  minimal  injury  group  revealed:  (I)  an  YK K-4C  modified  aircraft  with 
a large  CRT  display  and  console  present  with  the  ejection  occurring  at  ICF*  nose  down  at  550  KIAS  by  the 
WSO  after  an  ejection  by  the  pilot  (a  rovorsal  of  the  normal  ejrction  sequence)  at  20°  nose  up  at  600  KIAS,  and 
(2)  an  RF-4C  at  1 0°  nose  down  but  flying  at  only  150  KIAS.  The  study  of  these  ejections  helps  highlight  the 
fact  that  ejections  of  10°  or  greater  nose  down  at  KIAS  over  200  knots  will  most  likely  result  In  extremity 
injury. 

A comparison  of  aircraft  types  showed  that  the  RF-4C  group  had  only  a 35*  severe  extremity  injury  rate 
while  the  rest  of  the  F-4  C,  1>,  li's  has  a 76*  severe  extremity  injury  rate.  Since  the  ejection  anil  restraint 
systems,  aircrewmen  ami  aerodynamic  factors  are  comparable  for  both  groups,  the  difference  is  most  likely 
the  reconnaissance  configuration  of  the  RF-4C.  especially  the  longer  nose  and  anterior  oblique  camera  blister. 

From  this  study  it  can  be  seen  that  the  majority  Of  extremity  injuries  are  windflail  injuries  (77*).  The 
windflail  Injuries  occur  at  Ihe  higher  speeds  403  knots  as  compared  to  .710  knots,  in  a nose  down  attitude  92% 
as  compared  to  14*.  and  more  frequently  In  F-4C.  D,  F aircraft  76*  as  compared  to  the  RK-4C  35*. 

The  mechanism  of  injury  in  the  windflail  Injuries  was  one  of  hyperextension  of  the  elbows,  hyperabduction 
of  Ihe  shoulders,  and  external  rotation  with  or  without  valgus  moment  in  the  legs. 
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DISCUSSION 


D.  H.  REID,  CDR,  USN  (USA) 

What  accounts  for  the  significantly  greater  number  of  ejection  injuries  in  the 
USAP  RF-A  vice  P-A  version?  In  the  absence  of  ejection  system  and/or  aerodynamic 
explanation  for  this  first  question,  could  there  be  an  "operational,"  i.e,,  flight 
profile,  reason  for  more  injuries  in  RP  vice  P versions  of  F-A  aircraft? 

AUTHOR'S  REPLY 

No  real  explanation  or  rationale  can  be  offered.  The  restraint  systems  are  the 
same,  the  crewmen  are  essentially  the  same.  The  speeds  and  the  attitude  are  the 
same.  The  only  difference  is  that  the  reconnaissance  configuration  has  a somewhat 
longer  nose.  You  have  some  blisters  for  the  cameras,  larger  ducts  along  the  sides 
to  run  the  heat  exchangers,  I don't  know  of  any  windtunnel  studies  that  tell  you 
the  difference  of  the  air  flow  over  the  canopy.  We’ve  gone  to  the  manufacturer 
and  they  can't  tell  us.  They  can  tell  us  what  happens  out  on  the  wings,  but  they 
can't  tell  us  what  happens  in  the  area  of  the  cockpit, 

D.  H.  Reid,  CDR,  USN  (USA) 

I suggest  that  this  may  be  chance  observation  not  related  to  escape  system  or 
aerodynamic  peculiarity  between  F-A  and  RP-A  A/C. 

0.  R.  ALLEN  (UK) 

To  meet  the  chairman's  plea  for  input/injury  data,  would  it  be  possible  to  corre- 
late estimated  input  aerodynamic  and  acceleration  (ejection)  loads  with  injury? 

AUTHOR'S  REPLY 

The  determination  when  the  injuries  occurred  during  the  ejection  sequence  was  done 
from  reviewing  the  accident  reports  and  listening  to  the  aircrew  man's  description 
of  when  he  thought  he  first  experienced  pain  or  the  injury.  In  analysis  of  the 
injury  Itself,  certain  types  of  injuries  are  almost  exclusively  wind  flail  whereas 
other  types  have  to  come  almost  directly  from  a blow.  Those  usually  are  during 
seat  firing  sequence  or  from  mid-air  collision  where  he  was  either  thrown  against 
the  side,  of  the  cockpit  or  had  his  hand  on  the  stick  and  got  inadvertently  ejected 
Only  In  this  way  can  you  correlate  the  injuries  with  a certain  phase  of  the  ejec- 
tion sequence  and  the  estimated  force  Inputs. 
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Reference  Parameters 

for  Shock  Inputs  and  Shock  Tolerance  Limits 


Dr-lng.  K.L.Meier-Domherg 
Institut  fur  Mechanik 
Technicsche  llochscnule 
l)  blOO  DARMSTADT 
federal  Republic  of  Germany 


ABSTRACT 

Wherever  acceptable  limits  of  shock,  parameters  of  design  or  test  conditions  must  be 
established,  it  is  necessary  to  reduce  both  the  data  of  the  applied  shocks  and  the  pro- 
perties of  the  affected  systems  to  only  a few  relevant  mechanical  quantities. 

The  proposed  kind  of  data  reduction  which  leads  to  coherent  presentation  of  input  and 
tolerance  data,  shall  define  a way  of  comparing  the  various  design  methods  to  sum  up  the 
numerous  research  results. 

1.  Properties  of  an  applied  shock  (the  Shock  Polygon). 

Approximate  solutions  of  the  Duhamel  Integral  (in  the  time  domain)  and  the  Laplace 
Transform  (in  the  frequency  domain)  lead  to  simple  relations  between  time  histories, 
Fourier  and  response  spectra  and  show  that  a given  shock  can  be  approximated  by  a 
set  of  step  functions.  On  this  level  of  approximation,  a set  of  step  values  defines 
an  equivalent  class  of  shocks  as  well  as  generalized  Fourier  ar.d  response  spectra 
and  thus  should  be  used  as  basic  reference  parameters.  The  form  of  presentation  and 
quality  of  approximation  will  be  discussed. 

2.  Shock  relevant  properties  of  a system  (the  Exposure  Polygon). 

The  characteristic  and  determining  property  of  a system  is  its  shock  exposure  boun- 
dary. With  regard  to  all  types  of  shocks  it  is  a multiparametrical  envelope  area, 
but  it  can  be  well  approximated  by  a set  of  different  tolerable  step  loadings.  Each 
tolerable  step  loading  defines  a significant  quality  of  the  system  such  as  the  sta- 
tic or  step  load  capacity,  the  energy  capacity  or  the  deflection  ability.  The  effect 
of  damping,  nonlinearities  and  plasticity  will  be  discussed  under  different  toleran- 
ce criteria. 

As  further  examples,  some  severity  criteria,  models  and  methods  which  are  used  to 
describe  head  or  whole  body  tolerance  (e.g.  HIC,  SI,  DRI)  will  be  compared  with  re- 
search data  by  means  of  the  established  reference  parameters  in  order  to  discuss 
their  mechanical  meaning  and  suitable  range  of  application. 

The  Indicated  reference  parameters  may  be  used  in  two  levels  of  application, 

1.  as  generalized  research  results  or  safety  requirements. 

The  proposed  reference  parameters  themselves  are  approximate  solutions  of  a shock 
problem.  They  represent  the  lowest  level  of  approximation,  i.e,  the  highest  grade 
of  data  reduction  which  remains  meaningful} 

2.  as  reference  parameters. 

In  more  detailed  or  sophisticated  researches  they  may  be  used  as  reference  para- 
meters for  uniform  data  presentation,  because  they  expose  the  most  significant 
characteristics  of  a shock  problem. 
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1.  INTRODUCTION 


The  success  of  data  reduction  depends  highly  on  the  quality  of  the  chosen  reference 
parameters  and  the  form  of  data  presentation. 

We  know  that  many  important  research  results  were  and  are  lost  by  inadequate  or  mis- 
leading interpretation. 

The  method  of  data  reduction  has  to  consider  two  main  objects: 

- it  must  allow  easy  comparison  of  various  test  and  computation  results  and  thus 
facilitate  interdisciplinary  cooperation; 

- it  must  be  easy  in  handling  but  expose  the  most  significant  mechanical  features 
of  the  whole  problem. 

The  proposed  method  is  based  upon  the  wollknown  practice  used  in  control  techniques 
and  system  analysis  but  is  adapted  and  extended  for  the  purpose  of  single  shock 
events  in  nonlinear  systems.  Experiences  and  methods  in  other  fields  have  also  been 
considered,  e.g. 

shock  isolation  and  design 
shock  testing  and  measurement 
dimensions  analys's  and  modelling  techniques 
structural  blast  >r  earthquake  research 
packaging  and  tr . asportation  problems. 

The  main  intentions  are: 

1.  Evaluation  and  definition  of  system  relevant  input  quantities  and  of  input  relevant 
system  properties  as  reference  parameters. 

2.  Uniform  plotting  of  the  various  deduced  shock  data  as  input  values,  exposure  limits, 
safety  requirements,  test  and  design  parameters,  standard  Fourier  and  response 
spectra  in  terms  of  the  defined  reference  parameters. 

Obviously  there  are  thiee  different  ways  or  possibilities  to  reduce  the  variety  of 
parameters : 

a)  Reduction  of  the  given  input  shock  pattern  to  only  few  significant  values. 

b)  Reduction  of  the  real  object  to  a simple  mathematical  or  structural  model, 
cl  Evaluation  of  input  relevant  properties  of  the  affected  system. 

Each  single  way  should  be  checked  or  supported  by  the  two  other  ways.  Such  a cross 
-checking  can  plainly  be  facilitated  by  using  the  indicated  reference  parameters. 


REMARK 


In  this  paper  the  input  quantities  are  described  in  terms  of  a translational  motion 
of  some  defined  input  point  of  the  system,  see  chapter  2.  This  Is  only  a matter  of 
easier  interpretation  and  of  course  no  restriction.  Other  physical  quantities  can  be 
treated  in  the  same  way  or  be  reduced  to  parameters  that  have  the  chosen  dimensions, 
e.g.  the  ratio  of  a force  and  a reference  mass  is  an  acceleration,  the  ratio  of  a 
pressure  Impulse  and  a mass  distribution  is  a velocity,  etc. 


2.  DEFINITIONS 

First,  we  will  try  to  clarify  some  definitions  and  terms  which  sometimes  are  used 
in  a not  well  defined  and  therefore  misleading  way: 


System 

A system  must  clearly  be  determined  by 
a “free  body  diagram"  which  separates 
what  we  call  system  and  what  environ- 
ment. The  chosen  border  depends  on  the 
kind  of  problem  and  the  aim  of  evalua- 
tion. Intrinsic  properties  of  the  system 
are  its  physical  features  (material;  re- 
silience, damping,  plasticity  of  compo- 
nents; size;  weight,  etc.) 

Input 

All  kinds  of  interaction  between  system 
and  environment  (e.q.  forces,  moments, 
pressures,  motions).  In  order  to  idrntl- 


Free  - Body 
Diagram 
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fy  a specified  input,  it  is  sometimes  necessary  to  include  supporting  devices  or  re- 
silient contact  areas  as  parts  of  the  system. 

Response 

All  reactions  of  the  system  or  its  parts,  e.g.  stress,  strain,  inner  foices,  injuries, 
fracture,  absolute  or  relative  displacements  and  their  derivatives. 


Tolerance  criteria 

Tolerance  limits  of  one  or  more  response  quantities,  e.g.  tolerable  stress,  tolerable 
deformation,  Injury  level,  fragility  limit  or  other  performance  or  comfort  criteria. 


Input  dependent  ; ystem  properties 
tusually  called  dynamic  system  properties) 

Relations  between  an  actual  response  value  with  reference  to  a specified  input  value 
in  the  frequency  or  time  domain,  e.g.  transfer  functions,  step  responses,  dynamic 
load  factor,  response  to  a specific  shock  input. 


Criteria  related  system  properties 

Limits  of  tolerable  input  values  with  reference  to  a specified  tolerable  response 
quantity,  e.g,  performance  or  exposure  limit  boundaries,  iso-damage  curves. 


Especially  the  "criteria  related  properties"  which  are  the  most  important  statements 
in  biomechanical  applications  need  a distinct  identification  of  the  system,  the  kind 
of  input  and  tolerance  criterion  to  avoid  misunderstandings. 

A very  simple  example  may  illustrate  it. 

Example;  Collision  of  a resilient  support  and  a rigid  mass 

a)  The  free  body  diagram  includes  the  mass  and  all  resilient  components 


а)  System; 

mass  m 

linear  spring  k 
natural  frequency  w * y/  k/m 

б)  Input; 
velocity  step 

> ) Response: 

half-sine  pulse 

e.g,  maximum  deformation  « - v_/w, 

max  o 

absolute  acceleration  x ' v w 

max  o 

total  velocity  change  Ax  * 2 vQ 

4 * Tolerance  criterlum: 

e.g.  tolerable  acceleration  x fco ^ 


t ) Performance  limit; 

tolerable  input  quantity  vQ  ^ ^ * *x'toj/u 


b)  Free -body  diagram  excludes  all  resilient  components 


а)  System: 
mass  m 

8)  Input < 

must  be  specified,  e.g, 
half-sine  force  pulse  F(t) 

tl  Response; 

e.g.  absolute  acceleration  x * e/m 

б)  To  it*  rani  • criterion; 
tolerable  absolute  acceleration 

t)  Performance  limit; 

tol  * m ytol 


tolerable  input  force  F 
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3.  FORMAT  OF  DATA  PRESENTATION  (the  Shock  Net  1 


The  mechanical  problems  we  have  to  deal  with,  have  predominantly  a multiplicative 
character,  for  instance  relations  between  acceleration  - velocity  - or  displacement 
amplitudes  and  frequency  of  a harmonic  motion,  or  integral  transformations  from  the 
time  to  the  frequency  domain.  Therefore,  it  is  evident  to  use  logarithmic  graphs. 

Figure  3 shows  a graph  of  the  suggested  type.  It  is  the  wellknown  multi-scaled  lo- 
garithmic net  that  already  has  found  widespread  application  in  the  field  of  vibration 
and  control  techniques  but  has  been  adapted  and  completed  for  shock  problems  by  some 
additional  seal's.  In  the  following  chapters  we  will  see  that  these  multiplicative 
connections  will  lead  to  approximate  relations  between  values  of  time  functions  and 
their  Fourier  or  response  spectrum  wit! out  further  calculation  and  that  they  provide 
an  overall  view  whether  an  input  shock  eyceeds  a given  exposure  boundary  or  mets  a 
specified  test  requirement.  Vhe  scales  ate. 

a)  Abscissa:  _. 

inverted  time  axis,  dimensions  s , ;.  . tor  spectral  angular  frequencies  i!  (s  ). 

natural  angular  frequencies  wls-1),  equivalent  durations  teq(s)  so  that  scale  D = 
scale  ..i  * scale  1/teq.  Furthermore,  a 1 * shifted  scale  for  frequencies  f = w/a  rr  (Hz) 
or  natural  periods  T = 1 / f may  be  provided  for  convenience. 

bl  Ordinate: 

velocity  axis,  dimensions  m/s, scaled  for  spectral  modulus  A ( if ) of  acceleration 
histories  a(t),  maximum  velocities  or  total  velocity  changes  of  shock  inputs 
vmax;  veloclty  response  amplitudes  0 or  tolerable  velocities  vtQj. 

c)  Angled  scales  for  the  corresponding  displacement  values  s,  dimension  (m) ; accele- 
ration values  a,  dimension  m/s2;  and  jerk  values  j,  dimension  m/s-1. 


EXAMPLES: 


a) 


A harmonic  motion  is  represented  bv  a point  on  the  graph  exhibiting  the  various 
amplitudes  and  frequency  s w = 0 * S/u>  - J/..>^. 


6)  A rectangular  acceleration  pulse  is  represented  by  the  intersection  of  the  velo- 
city, acceleration  and  duration  scales  v = a-t,  i.e.,  each  intersection  of  two 
lines  represents  an  (equivalent)  rectangular  pulse. 


4.  CHARACTERISTIC  FEATURES  OF  SHOCK  FUNCTIONS  (the  Shock  Polygon) 


4.1  The  family  of  simple  shock  functions. 

The  time  integrals  and  derivatives 
of  a pulse  function  form  a family  of 
basic  shock  functions.  Let  us  take 
for  example  an  acceleration  pulse  ait) 
and  its  integrals  and  derivatives  as 
illustrated  in  Fig, 1 . 

We  see  that  for  Instance  a velocity 
step  can  be  represented  either  by  a 
Jerk  double  pulse  or  an  acceleration 
pulse  or  a displacement  rise. 

This  family  can  be  expanded  to  other 
dimensions.  Figure  2 Bhows  for  in- 
stance a similarly  structured  group 
of  time  functions  which  all  have  the 
dimension  of  acceleration  alt). Further 
the  Laplace  transform  AID)  of  these 
functions  is  plotted  In  Fig. 2 where 
A ( il ) is  the  modulus,  and  the  spectral 
angular  frequency  il  is  the  Laplace 
operator. 

Ideal  shock  functions  te*0. 


Fly, , 1 A group  of  identical  shocks 


In  the  special  case  of  ideal  shock  functions,  t >0,  the  following  exact  relations 
exist:  e 


Time  domain 

Frequency  domain 

Modulus  Phase 

doubls  pulse 

alt) 

displacement 

step 

• * 

AIR)  • s i) 

♦ 111)  - n/2 

pulse 

alt) 

velocity 

step 

V * 

Ad!)  ■ v 

♦ (D)  * 0 

step 

alt) 

accelerat Ion 

step 

a * 

A ( SI ) • a/U 

♦ 111)  — */2 

rise 

alt) 

jerk 

step 

1 ♦ 

AID)  • j/ll’ 

♦ ID)  » -■» 
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F !>; . 2 A family  of  shock  functions  a(t) 
and  their  spectral  moduli  A(H) 


We  see:  In  the  special  case  t -0,  the  various  functions  a(t)  are  represented  by 
straight  infinite  lines  in  th£  logarithmic  frequency  net.  If  we  use  the  proposed  for- 
mat with  ordinate  scales  A (i!)  v and  angled  scales  for  a,  s,  j,  each  of  these  lira' 
represents  both  the  step  values  (time  domain)  and  their  spectral  moduli  and  thus  it: 
exact  solution  of  the  Fourier  or  Laplace  transform. 


More  general  shock  functions  te  t 0. 

Now  we  will  study  time  and  frequency  relations  of  more  general  functions. 

For  all  shock  functions  (functions  having  only  values  in  the  positive  time  range) 
Fourier  and  Laplace  transform  are  identical  when  basing  on  the  specific  definition 


X(U)  * *2  x(t)e  -li1tdt  * 2 x(t)e”ptdt 


where  i!  is  the  spectral  angular  frequency  and  (the  imaginary  part  of)the  Laplace 
operator  p = iC , respectively. 


Using  the  limit  theorems  of  Laplace  theory  we  find  the  asymptotic  modulus  values 
if  x(0)  and  x(»)  exist 


1 im 
P * 


1 im 
F-  * 


1 im 
t » 


Taking  for  example  the  shock  function  a(t)  of  Fig,  3<  these  asymptotic  relations  can 
be  applied  to  the  derivative  j,  because  j(0)  * anc^  to  t''e  integral  s, 

because  s(»)  * smax  with  the  resultant  asymptotes  [l,2] 

- 1 11  * 3,„ax 


l)  > 0 I I!  S(s’)  * s ■ 

max 

Because  J(«|  « u A(c)  and  s (cl  * A(c) /(!* , the  final  results  are  the  asymptotic  modulus 
values  A(») 


l!  * ’ 1 A(rt)  * W/i:’ 

>!  * 0 ! A<in  * “max* 

as  lines  )Mij  and  *m%n  in  the  proposed  format. 


\ 
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fcaorrp.e  cl  an  f»p^t  iroc*  ms?  on 
sill  end  its  d*f  .at.ves  te.opty  »!?(, 
occt  ^fatan  at;  ar*j  jef*  |it> 


* * — . ■ < — - f,  (Hi)  fr*quenc«s  t *u/2r 

\ 2 i 6 8 W tO*  Hz 


CunvUal-on  of  shock  input  paam*t«f& 

(T)  shock  polygon  end  appro*  Fq sj*<  spectrum  A ( /V) 
(2)  shock  r*sponso  polygon  of  undamped  &>mpu*  SyStoms 


vio) 


Fig.  3 Shock-net,  shock-polygon  (1) 

and  shock-response-polygon  (2) 


Approximations  in  the  medium  frequency  range  in  setting  t^-»C  and  ta-*0  ares 


"J 


A(n) 

A(n)  * v, 


*max/n 


'a  ' max 

The  polygon.  Fig. 3,  line  (1),  which  is  formed  by  the  values  B>ax,  v^,  a^^.  and  Jmax 

of  a given  function  a(t)  is  therefore  an  approximate  solution  of  the  Fourier  transform 
alt)o-A(n).  Let  us  call  it  the  SHOCK  POLYGON. 

The  intersections  of  this  polygon  exhibit  very  informative  relations  between  a time 
function  and  its  spectrum.  The  ratios  of  two  maximum  values  of  two  successive  tine 
functions  define  certain  time  values  which  may  be  defined  as  equivalent  durations, e.g. 


pax 

^max 


equivl.  duration  of  (positive)  jerk 

vmax 

equivl.  duration  of  (positive)  acceleration  ta  ■ - , 

equivl.  duration  of  (positive)  velocltiy 


max 

•max 


max 


They  represent  the  duration  of  an  area  equivalent  rectangular  pulse. 


The  polygon  intersections  in  the  frequency  domain  exhibit  another  group  of  relations. 

corner  frequency 


Jmax 


corner  frequency  na  * *max 
corner  frequency  0y 


max 

vmax 


max 


The  above  definitions  establish 
domain 


a close  connection  between  the  time  and  frequency 


t ■ — ' 

v ny 


which  lead  to  the  stated  interrelation  between  the  abscissa  scales  0 


*<J 


t/t, 


•q' 
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Besides,  the  corner  frequencies  or  equivalent  durations  mark  per  se  the  validity  range 
of  approximation  in  which  a shock  function  can  be  replaced  alternatively  by  an  accele- 
ration, velocity  or  displacement  step. 

The  approximation  of  a Fourier  spectrum  by  the  maximum  values  of  time  derivatives  is 
very  close  for  all  functions  with  one  discontinuity,  for  example  all  combinations  of 
e-functions  without  time  lags  (phase  minimum  functions).  It  gradually  becomes  less  pre- 
cise for  rougher  or  more  oscillating  histories. 


4.2  Construction  of  an  upper  spectrum  limitation. 


Fourier -Amp!  Spectrum  Hl'-’,jrV 


Fig.  4 Double-sine  acceleration  pulse  a(t),  its 

exact  Fourier  spectrum  (1),  its  shock  polygon  (2) 
and  the  upper  limits  of  spectral  values  (3) 


The  upper  limits  of  a spectrum  may  be  of  special  Interest  for  acoustics  and  structural 
design  work  where  linear,  small-damped  systems  have  to  be  Investigated.  In  contrast, 
mean  spectral  values  which  are  represented  by  the  shock  polygon  are  more  significant  for 
safety  or  statistical  performance  applications. 


The  upper  limit  of  a spectral  modulus  can  be  found  by  summing  up  all  changes  (ups  and 
-wo  rnn^Hnn  inctpxd  of  usina  the  simple  maxima  values.  Figure  4 shows 


downs)  of  the  time  function  instead  of  using  the  simple  maxima  values.  Figure 
as  an  example  a double  sine  acceleration  pulse,  its  exact  Fourier  spectrum 


the 


shock  polygon  formed  by  the  simple  maxima  s , anax'  ^max  ' and  t^e  uPPei 

formed  by  the  sums  sm„,  2vm  : 4a  * 8 j “!  <m8?I  ln?8?matT8fi  and  examples  in  [l] ) 


max 


max 


4.3  valuation  of  the  deduced  reference  parameters. 

We  must  ascertain  now  that  the  deduced  reference  parameters  not  or.ly  exhibit  plain  re- 
lations between  time  functions  and  their  spectra  but  that  they  are  also  relevant  input 
parameters  with  respect  to  system  responses  or  tolerance  limits. 

The  convolution  integral 


Linear  system  analyses,  using  approximate  solutions  of  the  Duhamel  or  convolution  inte- 
gral lead  directly  to  the  same  result  and  show  that  the  exhibited  maxima  of  a shock 
input  and  its  derivatives  are  predominant  and  response  relevant  values  of  a shock  input 

W- 

Shock  response  spectra 

The  so-called  response  spectra  are  simply  pointwise  diagrams  of  specified  response 
values  of  an  ensemble  of  equal  systems  by  varying  their  natural  frequency.  Response 
spectra  thus  are  another  kind  to  describe  an  input  shock  . Otherwise  expressed  the 
applied  shock  is  weighted  (filtered)  by  a specific  type  of  systems. 

The  simplest  response  spectrum  Is  that  of  the  oscillatory  parts  of  the  residual  response 
of  an  undamped  simple  linear  system. 

A comparison  of  the  Fourier  spectrum  with  this  reeldual  responie  spectrum  by  means  of 
the  Fourier  integral^ 
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-iPt 

A(u')  = S a ( t)  e 1 Ldt 

a 

and  the  convolution  integral 

t 

0 - -i  § = / a (t)  sinu.  (t-t)dt/ 

max 

o 

confirms  the  well-known,  similarity  of  both  solutions.  The  corresponding  values  are 

spectral  modulus  and  velocity  response  amplitude 
A(>:)  o-  0, 

spectral  angular  frequency  and  natural  system  frequency 

1?  uJ  . 

Conclusion:  In  the  proposed  format  of  the  shock  net,  where  scale  P.  = scale  u>,  and  scale 
A ( .1 ) = scale  0,  the  Fourier  spectrum  and  this  residual  response  spectrum  have  exactly 
the  same  curve  thus,  the  shock  polygon  is  not  only  an  approximation  to  the  Fourier 
spectrum  but  also  to  this  response  spectrum. 


4.4  Relations  between  response  spectra  and  exposure  limit  boundaries. 

In  linear  systems  the  relation  between  a maximax  response  spectrum  and  the  correspon- 
ding exposure  limit  boundary  is  evident.  Both  solutions  are  merely  inverse  interpre- 
tations of  the  same  problem. 


A maximax  response  spectrum  exhibits  the  maximum  response  val jes  of  a set  of  equal 
systems  excited  by  one  specific  shock  input  as  function  of  the  system  frequency  w. 
Figure  5a  shows  the  max.  acceleration  response  x of  damped  linear  simple  systems 
(u)  to  a double-sine  acceleration  input  which  is  aefined  by  the  value  v and  the 

equivalent  duration  t . 

A 


Fla,  5 Equivalence  of  response  spectra  a)  and 
exposure  limit  boundaries  b)  in  linear 
systems 


An  exposure  limit  boundary  exhibits  the  limit  values  of  a set  of  equally  shaped  input 
shocks  which  excite  a specified  tolerable  response  value  of  the  given  system  as  func- 
tion of  the  shock  durations,  rigure  5b  shows  the  input  tolerance  values  vtoi  of  all 
double-sine  input  shocks  of  various  equivalent  durations  ta.  The  tolerance  criterion 
is  the  tolerable  system  response  x't0^. 

For  linear  systems  and  logarithmic  plotting  the  two  results  in  Fig.  5a,  b are  recipro- 
cal congruent  curves. 

In  linear  systems  the  approximate  response  spectrum  and  the  exposure  boundary  respecti- 
vely can  easily  be  developed  from  the  shock  polygon  by  calculating  the  various  step 
responses,  l.e.  weighting  each  polygon  range  by  a corresponding  ‘load”  factor. 

Figure  3 line  (2)  shows  the  standard "shock  spectrum*  for  relative  displacement  and  ab- 
solute acceleration  of  single-degree-of-freedom  systems  with  small  or  no  damping  as 
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used  in  the  field  of  shock  testing  and  isolation.  The  weighting  factors  are  ) s 


1 »5  Vm»v  3nd 
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up  to 


2/t . 


In  nonlinear  systems  a response  spectrum  is  meaningless  and  not  defined.  Yet  the  expo- 
sure boundary  which  is  a significant  system  property,  remains  meaningful.  (See  chap- 
ter 5.) 


4.3  Summary  and  instructions. 

The  quantifying  of  an  input  shock  relies  on  a suitable  assessment  of  typical  peak  va- 
lues of  a shock  function  and  Its  appropriate  derivatives  and  integrals,  e.g,  max.  dis- 
placement, velocity,  acceleration,  and  jerk  if  applicable,  see  Figure  3.  The  peak 
values  are  plotted  as  lines  parallel  to  the  appropriate  axes  on  the  SHOCK  NET.  (See 
chapter  3.)  They  form  the  SHOCK  POLYGON  f rom  which  several  important  relations 

can  be  deduced  as  ander: 

(a)  The  time  eoordinatesof  the  intersection',  indicate  the  equivalent  pulse  dura- 
tions, e.g. 

equiv.  jerk  pulse  duration  (or  rise-time  of  the  acceleration  pulse! 

t . = a / j 
j max  'max 

equiv.  acceleration  pulse  duration  t = v ,/a 

* r a max  max 

equiv.  velocity  oulse  duration  t = s_.„/v  ... 

1 v max  max 

(b)  The  shock  polygon  approximates  a given  shock  by  a couple  of  step  functions,  e.g. 

an  acceleration  step  a , a velocity  step  v and  a displacement  step  s , , 

max  max  c w max 

The  intersections  indicate  the  validity  range  of  approximation. 

(c)  The  shock  polygon  is  an  approximation  to  the  modulus  of  the  Fourier  spectrum 
Aid)  of  the  acceleration  a(t),  i.e.  it  approximates  the  Fourier  transform  of 
a(t).  Thus  it  is  a generalized  Fourier  spectrum. 

(d)  It  also  approximates  the  residual  response  spectrum  of  undamped  single-degree- 
of-freeaom  systems  with  natural  angular  frequencies  a.  The  responding  vibration 
amplitudes  S;  0 or  S can  be  read  off  the  corresponding  scales  for  displacement, 
velocity  or  acceleration. 

Notes.  The  approximate  relations  b)  , c)  , d)  fit  well  for  all  shocks  with  only  one  dis- 
continuity, they  gradually  become  less  precise  for  rough,  oscillating  histories.  To 
obtain  suitable  peak  values,  the  shock  pattern  may  be  smoothed  or  filtered  with  regard 
to  the  frequency  range  of  interest. 

If  some  of  the  values,  e.g.  j a_.„  or  s_„„  are  not  known  (or  are  infinite),  the  po- 

max  max  max  r 

lygor  reduces  to  a straight  line,  e.g.  v which  indicates  that  all  other  values  are 

assumed  to  be  Infinite. 

Shocks  having  the  same  shock  polygon,  have  approximately  the  same  frequency  content  but 
may  differ  more  or  less  In  phase  characteristics.  The  remaining  additional  information 
of  an  actual  pulse  shape  has  only  second-order  quality. 

In  the  case  of  transient  vibrations  (e.g.  earthquake  motions)  the  generalized  Fourier 
spectrum  of  a polygonal  type  Is  a shock  polygon  and  thus  defines  the  baste  parameters 
of  an  equivalent  shock. 

Independent  of  the  application  of  the  relations  b)  - d)  the  defined  peak  values  and  equi- 
valent durations  should  be  used  as  descriptive  shock  parameters. 

Generalized  (approximate)  response  diagrams  can  be  obtained  from  the  shock  polygon  by 
calculating  the  various  step  responses  of  the  specific  type  of  systems  (e.g.  damped, 
undamped)  and  the  response  of  interest  (e.g.  max.  relative  displacement,  absolute  acce- 
leration), A generalized  shock  response  diagram,  thus  originates  in  the  polygon  by 
weighting  each  range.  It  may  be  called  SHOCK  RESPONSE  POLYGON, 


5.  CRITERIA  RELATED  SYSTEM  PROPERTIES  (the  Exposure  Polygon). 

The  ensemble  «.  t shock  input.!  of  the  same  pattern  (e.g,  all  double-sine  acceleration  pul- 
ses, Fig.  5b)  affecting  the  same  response  value  (e.g,  a tolerable  relative  displacement 
or  stress)  form  a specific  exposure  limit  boundary.  Each  specific  tolerance  criterion 
creates  another  special  limit  boundary. 

In  general,  the  exposure  limit  boundary  for  a specific  system  with  one  criterion  consi- 
dering ail  various  type*  of  shock  inputs  is  a multi-parametrical  envelope  area  which 
can  be  obtained  by  means  of  modelling  techniques  or  numerous  series  of  shock  tests. 

A useful  approximation  which  reduces  the  mvelopo  area  to  a simple  line,  Is  the  envelope 
of  all  tolerable  shock  groups  represented  ty  their  shock  polygons.  As  further  approxt- 
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maticn,  which  represents  the  highest  grade  of  meaningful  data  reduction,  this  boundary 
can  be  approximated  by  a polygonal  line,  see  Figure  6,  which  may  be  called  the  EXPOSURE 
POLYGON . 


Fig,  6 Definition  and  elements  of  the 
exposure  polygon 


The  exposure  polygon  requires  the  following  shock  relevant  properties  of  the  affected 
lystem;  see  Figure  7 as  an  example: 

a)  Steady  acceleration  limit  atQ^  (static  load  capacity): 

the  asymptotic  value  for  tolerable  long-duration  shockc  with  low  jerk  values 


6)  Acceleration  step  limit,  ag  tQ^: 

the  value  of  the  tolerable  acceleration  step  (sudden  applied  load,  j ♦ -)which 
is  related  to  the  steady  acceleration  limit  by  means  of  the  dynamic  load  factor 
..  The  transition  range  from  the  steady  acceleration  limit 
f erStion  step  limit  a is  given  by  the  tolerable  jerk  jtol  or 

which  is  approximately  t*^  ■ 10/u. 

y)  Velocity  step  limit  v8 

the  shock  tolerance  for  relatively  short  acceleration  pulses  which  is  related  to 
the  energy  capacity  or  the  wave  resistance  of  the  system. 

t)  Displacement  step  limit  ss  to} 

the  shock  tolerance  value  in  the  case  of  sudden  displacjment  changes  which  is 
related  to  the  deflection  ability  of  the  system.  In  viscous  damped  or  continuous 
systems  *tol  is  zero. 

The  shock  exposure  polygon  applies  approximately  to  all  types  of  shock,  and  thus  is  a 
shock  relevant  property  of  the  system  and  its  tolerance  criterion. 

Figure  7 shows  aa  an  example  exposure  polygons  of  the  spinal  injury  model  {5,6J. 
the  chosen  tolerance  criteria  are 


a) 

tolerable 

deflection 

*tol 

■ 0,36; 

1.1» 

3,6 

cm 

reap. 

DRI 

• 1 > 

3 > 

6 

0) 

tolerable 

absolute  acceleration 

5tol 

■ 10  ; 

30; 

100 

m/s* 

The  most  simple  computations  of  step  responses  arv  carried  out  in  [3j . Figure  7 may  give 
us  somo  basic  information  on  the  behavior  of  the  systen  and  the  influence  of  the  chosen 
criteria: 
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Eift.  7 Exposure  polyRons  of  the  spinal  model 

- the  intersection  of  lines  and  has  the  abscissa  value  e0. 

- in  the  range  of  short  duration  (double)  pulses  tv  <.  10  ms,  the  different  criteria 

and  8 lead  to  obviously  different  limits  because  of  the  system  damping. 
In  the  range  ty  > 10  ms  the  influence  of  the  damping  force  is  likewise  small) 

- long  duration  pulses  with  small  jerk  values  or  long  rise-times  tj  ■;  180  ms 
respectively  can  be  treated  ns  static  loads; 

- in  the  range  tj  > 180  ms  « 10/l>o  the  "overshoot"  increases  and  reaches  the  value 
of  the  dynamic  load  factor  of  about  1.4  for  sudden  acceleration  rise; 

- the  pulse  duration  tft  ■ 40  ms  - 1,4/wo  separates  the  quastat.atic  and  Impulsive 
load  range i 

- the  value  vR  tol  represents  the  energy  capacity  K of  the  system  according  to 
Ktol  ’ m v’^2' 

- the  comparison  of  Pig.  5b  and  Fig. 7 will  explain  more  clearly  the  influence  of 

system  damping  with  regard  to  the  acceleration  criterion  V. 

tol 

SUMMftHV  AND  INSU'WUCTXONS , 

The  exposure  polygon  ns  an  approximate  tolerance  boundary  is  a useful  tool  in  orienta- 
tion and  planning  for  more  detailed  theoretical  or  experimental  studies.  It  defines 
typical  criteria  related  system  properties  and  the  range  of  their  relevance) 

static  load  capacity  (t^  > 10/w^) 

step  load  capacity  (t  > i/m  ) 
ft  o 

impulse  load  capacity  (t  < 1/m  ) 

ft  0 

deflection  ability  (t  < 1 w ) 

J v n 

dynamic  load  factor  ( 1 < t^  < 10) 

In  linear  systems  the  term  « represents  the  lowest:  system  frequency,  in  nonlinear 
systems  an  equivalent  corner1 frequency. 


In  damped  or  degressive  nonlinear  systems  te.g.  elastic-plastic  restraint)  the  influen- 
ce of  the  actual  pulse  shape  is  still  less  than  in  undamped  linear  systems,  [3]  , 

Experts  experienced  in  harmonic  system  response  and  "Bode-diagrams" , will  recognize  at 
once  the  relationship  between  the  tolerable  step  loads  which  form  the  exposure  polygon 
and  the  driving  point  mobility,  where  the  real  part  of  mobility  relates  to  the  tolerab- 
le velocity  step  and  the  imaginary  parts  (real  parts  of  compliance  and  inverse  apparent 
mass)  are  comparable  with  the  displacement  and  acceleration  step  respectively.  Thus  the 
transition  from  vibration  to  shock  problems  can  easier  be  understood  when  the  same  kind 
of  representation  will  be  used  in  both  areas. 

The  proposed  criteria  related  system  properties  are  easy  to  calculate  or  to  determine 
by  test  because  the  are  simply  step  responses. They  furnish  the  basic  information  for 
the  shock  resistance  of  the  system. 


6.  EXAMPLES  AND  REMARKS. 

6.1  Total  or  Equivalent  Pulse-Durations 

Some  authors,  [7,8]  for  example,  use  the  total  pulse  duration  T and  the  peak  accelera- 
tion a as  reference  parameters  for  comparing  the  effect  of  shacks,  see  Fla .8, a.  When 
using  fne  equivalent  pulse  duration  t instead  of  T SFig.B.b),  the  curves  shift  together 
in  the  short  duration  range,  and  the  influence  of  the  actual  pulse  shape  turns  out  to 
be  less  important.  The  resultant  curves  only  differ  noticeably  in  the  long  duration  ran- 
ge because  the  rise-times  t.  = a /j  of  both  pulses  are  quite  different.  The  diffe- 
rence would  disappear  almost  comjj>iiteTyxif  the  comparison  of  various  pulses  would  be 
based  on  the  proposed  reference  parameters  including  the  jerk  jmax,  see  Fig. 12  and  the 
displacement  s ,if  applicable. 


ol  Total  Ms*  Duration  T ( s I — m bl  Equivalent  Puls*  Duration  t«  I s I -•* 

Fla.  8 Significance  of  reference  parameter* 

In  comparing  exposure  limits 


6.2  Shock  Performance  of  Ski-bindings 

Own  researches  in  shock  performance  of  safety  ski-bindings  [3,9]  may  serve  as  a further 
example.  The  problem  was  broken  down  Into  two  groups  of  probl  m*. 

a)  Evaluation  of  the  steadiness  Respectively  dive) limit  boundary  of  the  skier  against 
horizontal  shocks  in  frontal  and  cross  direction  in  order  to  specify  the  necessary 
shock  performance  of  the  ski-binding,  X.  e.  the  binding  has  to  stay  closed  as  far  as 
the  skier  can  master  the  situation,  to  avoid  mis-releasing. 

b)  The  shock  performance  boundaries  of  various  ski-bindings  st  different  adjustment 
levels, 

s)  Steadiness  to  frontal  shocks. 

In  order  to  reduce  the  number  of  volunteer  shock  tests  and  to  avoid  risky  ranges, 
static  tests  were  performed  at  first.  Figure  9 shows  the  test  eltuattoni  a man  standing 
in  fixed  oki-shoes  was  pulled  forward  by  a horizontal  force  at  the  height  of  the  re- 
duced body  mass.  Figure  10  represents  the  obtained  average  load  deflection  curve  of  se- 
veral test* with  one  volunteer , As  tolerance  criterion  in  the  static  and  dynamic  tests 
served  the  maximum  tolerable  deflection  j « 0,6  is  of  the  body, 
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Fig.  9 Static  load-deflection 
test  of  a man  in  fixed 
ski-shoes 


10  Load-deflection-curve 
obtained  in  the  static 
test  (Fig.  9) 


Horizontal  Deflection  6 


11  Steadiness  of  a stand- 
ing man  to  horizontal 
shock  motions  obtained 
by  static  tests  and 
its  verification  by 
shock  tests 


Displacement  s I m ) 


10  4 


’ v *-  \1v  * / y f ^ T/ 

v ^ - V'V/f  MX  xh 

. s v-  -Xk  ' f * t > X 

• - > -x  • ^steadiness 


X ' V 


\steadiness  j 
.y, tolerance; 

r r / i t 


i ’ r t'tr* 


Q4  0.2  0,1 

f j J j j J 

/ V KtxKW^vi 
/ \ •>  'vNXV  / 
y ' \"  \ - 

\T knee  - pa  in  * Soferaric  e'*  X^vNxSi  01 

i r r * 'Y  r k t 4 v \V\X  ^qq  “ 

I 6 


OU  % 
o 
u 

40  < 

J£ 


quivatent  Duration  ims) 


A 4 14 


Assuming  a tost  equivalent  reduced  mass  m = 56  kg  of  about  BO  * of  the  man's  weight,  the 
exposure  polygon  values  could  be  calculated  from  the  static  test  result: 


acceleration  step 

limit 

a 

s 

tol 

" Fm/m  = 0.6  g 

velocity  step  limit 

V 

s 

tol 

= V 2E/m  = 2.5  m/s 

displacement  step 

limit 

s 

s 

tol 

1 \ol  = °’6  m 

The  obtained  step  values  are  plotted  In  Figure  11,  line  (1)  as  exposure  polygon.  To  ve- 
rify or  adjust  this  "static"  exposure  polygon  only  few  shock  tests  need  be  performed. 

Some  shocks  which  met  the  criterion  S , are  plotted  In  Figure  11  as  shock  polygons. 
Although  the  shapes  of  the  used  pulse!  were  varied,  the  shape  had  no  significant  Influ- 
ence on  the  result. 

Line  (2)  in  Figure  11  Indicates  the  displacement  capacity  of  the  test  equipment  of  1.5  m 
and  tnus  the  upper  limit  of  equivalent  velocity  durations  t of  about  500  ms  which 
could  be  produced. In  the  range  of  short  duration  double  pullcs  with  high  accelorat Ions 
and  velocities  but  tolerable  displacement  values  quite  another  tolerance  boundary  was 
reached  which  is  characterized  by  tnc  "volunteer  knee  or  leg  pain"  tolerance  criterion, 
line  (3).  The  "knee  pain"  tolerance  limit  depends  highly  on  the  flexibility  of  the 
ski-shoes . 

bl  Shock  performance  of  skl-blndlngs. 

In  frontal  direction  the  required  shock  performance  of  the  skl-blndlng  depends  greatly 
on  the  flexibility  of  the  ski-shoes  so  that  a performance  requirement  for  the  binding 
itself  cannot  be  specified.  According  to  Figure  11,  line  (1)  the  flexibility  of  shoe 
plus  binding  should  be  at  least  constructed  so  as  to  match  a velocity  step  of  about  3 m/s 
without  mls-releasinq  and  without  reaching  the  "knee  pain"  or  leg  fracture  tolerance, 

<9)  . 

In  cross  dlroctlon,  however,  the  steadtness  limit  of  the  skier  turned  out  to  be  the 
only  significant  shock  performance  requirement  for  the  binding  itself  which  was  found 
to  be  an  Input  velocity  step  of  2 m/a,  (2). 


6.3  MEAN  ACCELERATIONS  AND  TOTAL  VELOCITY  CHANCES. 

Investigators  In  the  field  of  crash  test  and  car  safety  research  are  accustomed  to  use 
total  velocity  change  Av  and  mean  acceleration  a^ean  a*  reference  parameters  in  order 
to  define  a crash  situation.  This  kind  of  problems  deals  with  pulse  functions  only 
having  "one  side"  values  whlc.i  of  course  essentially  reduces  the  variety  of  parameters. 

The  orlqlnal  mochanlcal  quantities  tyrn  out  to  be  the  response  of  the  system  "car",  l.e. 
the  total  velocity  change  Ax  ■ x,  - x.  and  the  deformation  1 of  the  crash  zone.  (See 
chapter  2.)  The  calculations 

mean  acceleration  a * Ax1/ 24 

moan 

and  total  pulse  duration  T • 24/ax 

are  only  a transformation  to  some  other  plain  values  (Input  to  system  "cell"!,  but  pro- 
vide no  additional  Information.  Of  course,  If  no  other  information  Is  available,  for  In- 
stance in  collision  case  studies,  the  approximation  of  tho  actual  shock  input  by  a rec- 
tangular pulse  Is  near  at  hand  but  as  speculative  as  any  other  assumption. 

If  additional  data  can  be  obtained,  e.g.  acceleration  histories  In  field  tests  or  load 
deflection  curves  of  the  clashing  components  they  should  be  carried  out  at  least  to 
provide  the  peak  acceleration  (or  a kind  of  shock  crest  factor  amax/amean)  or  JFt*1#  if 
applicable,  as  minimum  additional  Information. 

In  many  papers,  e.g.  [10],  the  collected  wholo  body  or  head  tolerance  data  are  presen- 
ted as  plots  of  tnlorable  mean  accelerations  versus  velocity  change.  Disadvantages  of 
such  a presentation  are  for  lnstancai 

- the  effoct  of  Jerk  or  acceleration  rise-time  cannot  well  be  Incorporated, 

- tho  asymptote  of  the  exposure  boundary  for  long  duration  acceleration  pulses 
relies  on  system  relevant  smoothed  peak  values  and  not  on  mean  values, 

• double  pulse  (displacement  step)  affects  cannot  be  presented, 

- relations  between  shock  and  vibration  thresholds  cannot  be  developed. 


6.4  SINGLE  NUMBER  TOLERANCE  INDICES. 

Single  number  tolerance  criteria  If  not  related  to  a well  defined  model  or  test  situa- 
tion need  to  be  handled  and  applied  with  caution. 

Two  wellknown  reprenentat 1 voa  are  the 

Gadd  Severity  Index  GSI 


i 
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and  the  slightly  modified 

Head  Injury  Criterion  HIC. 


The  single  number  weighting  of  problem- so  multiparametrical,  is  an  extensive  data  reduc- 
tion and  consequently  leads  to  a substantial  loss  of  basic  information.  Let  us  try  to 
valuate  the  mechanical  relevance  of  these  quantities  by  means  of  the  shock  net  and  the 
proposed  reference  parameters,  I' inure  12  presents  some  "one  side"  acceleration  pulses 
having  equal  equivalent  rise-times  t.,  durations  t , and  the  corresponding  GSI  and  HIC 
values.  ^ a 


When  using  the  proposed  referen- 
ce parameters  the  GSI  and  HIC 
valuations  differ  obviously 
not  very  much  and  the  influence 
of  the  pulse  shape  is  remark- 
ably small.  Figure  13  even 
accentuates  this  statement: 
the  influence  of  GSI  weighting 
indeed  turns  out  to  be  a narrow 
band  of  about  1 dB.  Furthermore, 
Fig.  13  exhibits  the  original 
Idea  and  quality  of  the  GSI  to 
be  an  overall  human  tolerance 
limit  including  blackout 
phenomena  at  long  duration 
accelerations  as  well  as  skull 
fracture  in  the  short  duration 
rrnge.  The  weighting  exponent 
2.5  of  acceleration  has  no 
other  background  or  inten- 
tion as  to  produce  the  in- 
clination 1:0,6  of  an  over- 
all fitting  line. 


6.5  HEAD  TOLERANCE  TO  FRONTAL 
SHOCK 


No  other  special  shock  tolerance 
problem  seems  to  yield  more  se- 
condary papers  than  the  head  in- 
jury problem,  and  with  this  the 
confusion  increases.  Let  us  make 
another  attempt. 
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The  head  injury  criterion  HIC 

for  instance  sometimes  is  un-  Fig- 

derstood  to  be 

ai  * he  evaluation  of  input  quan- 
tities, in  other  words  an 
input  tolerance  limit 


12  Comparison  of  GSI  and  HIC  valuations 
by  means  of  the  proposed  reference 
parameters 


bl  a true  tolerance  criterion,  i.e.  a specified  tolerable  response  value.  (Definitions 
see  chapter  2.) 


If  b)  applies,  a clear  specification  of  the  nature  and  location  of  the  response  value 
must  be  stated  or  a specified  model  be  constructed.  The  relation  between  a)  and  bl  is 
the  transfer  function  from  a given  input  point  to  the  point  of  measurement.  It  may  en- 
large or  attenuate  the  Input  quantity  depending  on  whether  the  Input  load  has  a more 
static  or  more  Impulsive  character. 


If  a(  applies,  the  acceleration  history  of  the  contact  area  between  head  and  {ductile! 
target  must  be  measured  and  evaluated.  Now  we  will  try  to  compare  some  data  of  head 
tolerance  to  frontal  shock  by  using  the  proposed  shock  net  and  the  reference  parameter:: . 

Figure  14  illustrates  the  various  attempts  to  substitute  the  Wayne-State  Tolerance- 
Curve  by  simple  models,  A fifth  model  was  added  by  the  author.  Because  no  other  infor- 
mation about  the  "Wayne-State  pulse  shape"  is  available  and  because  the  tolerance 
curve  is  presented  by  insignificant  mean  acceleration  values,  a special  pulse  shape  had 
to  be  assumed.  Obviously,  the  assumption  for  determining  the  parameters  and  tolerance 
criteria  of  almost  all  models  was  a triangular  pulse. 

Figure  14  shows  the  deduced  model  parameters,  the  chosen  tolerance  criteria  and  further 
in  the  last  line  the  corresponding  exposure  polygon  values. 

More  original  skull  fracture  data  are  listed  below; 

Ltssner  1960 

Free  fall  tests,  501  skull  fracture,  tolerable  velocity  step  v,  , * 5 m/a 
measured  accelerations  (responses?)  S ■ 1?6  ♦ 2 10  g ' * 
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Fig.  13  Origin  and  Intention  of  GSI  valuations 
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14  Wayne-State  head  tolerance  curve  and  lte 
substitutions  by  simple  models 


v.  Gierke,  Goldmann  1961  £8]  • 

Energy  capacity  of  skull  SO  - 75  Nm, 

Assuming  an  equivalent  mass  of  5 kg, 

the  tolerable  velocity  step  is  vt0^  ■ 4,5  r 5,5  a/e 

Swearingen  1967 

Tolerable  Input  force  10  kN  „ 

measured  tolerable  accelerations  iresponne?)  *tol  * 200  g 

Daniel,  Patrtk  1975i  „ 

Tolerable  acceleration  (responses/)  xtoi  • 165  g 

Let  ue  discuss  these  da;a  with  the  use  of  rtgure  15.  It  show*  the  tfayne-State  Curve, 
represented  by  tolerable  Input  peak  accelerations  having  the  polygon  valuee  atol  • 100  g 

and  vt  , • 4,2  m/s.  The  tolerable  velocity  step  seems  to  be  well  confirmed  by  the  above 
toi 


4 


»%» 


values . 

Most  of  the  reported  tolerable  accelerations  likely  are  response  values  and  thus  a kind 
of  steady  acceleration  limit.  Assuming  a dynamic  load  factor  for  step  accelerations  of 
1.5  and  the  transition  from  the  step  to  the  steady  acceleration  limit  in  the  jerk  range 
of  5 g/ms,  the  exposure  polygon  may  be  represented  by  the  values 

steady  acceleration  limit  atQl  * 150  g 
acceleration  step  limit  a^  * 100  g 


jerk  dependent  transition  j tol  • 5 g/ms 

velocity  step  limit  vs  j » 4,2  m/s 


The  exposure  polygon  exhibits  a corner  frequency  of  about  60  Hz (it  differs  from  the  MD 
model  natural  frequency  of  73  Hz  because  of  the  damping  of  the  systemjwhich  corresponds 
to  the  equivalent  corner  duration  of  about.  3 ms.  This  means:  The  skull  fracture  criterion 
ionly  this  and  no  othei  brain  injury  criterion!  allows  to  filter  or  smooth  the  accelera- 
tion histories  with  a corner  frequency  of  about  60  Hz  or  a time  constant  of  about  3 ms 
to  obtain  plain  values. 

Furthermore,  figure  15  shows  the  validity  range  of  HIC  or  SI  If  based  on  input  quanti- 
ties. It  follows  that,  the  range  of  nit*  application  must  be  restricted  to  equivalent 
durations  from  1.5  to  20  ms. 


The  intention  of  this  chapter  is  not 
te  how  existing  data  may  be  compared 
ranges  of  apr-1  Icat  ion. 


to  produce  new  head  exposure  limits,  but  to  indica- 
in  order  to  check  their  qualities  and  t'i  KMlOf.  1 HI.P 


A4-1 8 


REFERENCES 


[1]  Meier-DSrnberg,  K.E.:  "Die  Beschreibung  von  StoBvorgKngen  durch  ihre  Zeitfunktio- 
nen , Fourier-  und  Scbockspektren” . VDI-Bericht  Nr.  135,  VDI-Verlag  1969 

[2]  Klotter,  K. : "Schwingungslehre" , Band  I A,  Neuauflage,  Springer-Verlag  1978 

[3]  . Meier-DSrnberg , K.E.:  "KenngrSBen  fUr  Schockeinwirkunger,  und  SchockvertrSglich- 

keitsgrenzen" , VDI-Bericht  Nr.  210,  VDI-Verlag  Dilsseldorf  1973 

[4.1  Meier-DSrnberg,  K.E.:  "Das  Schockpolygon  und  das  Vertraglichkeitspolygon,  eine 

Basis  zur  Bewertung  von  StoBeinwirkungen  unr  Vertrdglichkeitsgrenzen" , VDI-Bericht 
Nr.  221,  VDI-Verlag  1974 

£5]  Payne,  P.R.:  "Working  Paper  for  the  Experts  of  ISO  TC  108  SC  4,  Aug.  76 

f6 I Allan,  G.R.:  "Ride  Quality  and  International  Standard  ISO  - 2631,  NASA  T MX  3295, 

L 1 Nov.  1975 


f7]  Pyne,  G.R.:  "Optimazitions  of  Human  Restraint  Systems  for  Short  Period  Accelera- 
tions" ASME  Paper  No.  63  - WA  - 277 

[8]  v.  Gierke,  H.  and  D.E.  Goldmann:  “Effects  of  Shock  and  Vibration  on  Man*. 

Me  Graw-Hill  1961  and  1978, Shock  and  Vibration  Handbook 


[*] 


Meier-DSrnberg,  K.E.  and  W.  Stamm:  "S,cherheits-Skibindung  und  Standsicherheit" 
Diplomarbeit  am  Instltut  fQr  Mechanik,  Technische  Hochschule  Darmstadt,  Okt.1978 


£10]  Hirsch,  A.E.:  "Man's  Response  to  Shock  Motions".  ASME  Paper  No.  63  - WA  - 283,1964 


SYMBOLS 

Input  quantities  (time  functions) 

8)  v;  a:  j;  displacement;  velocity;  acceleration;  jerk-  values  or  histories. 
Spectral  values  (transformations  of  input  values) 

(1;  id  1 p spectral  angular  frequencies,  Laplace  or  Fourier  operator 
nv*  na*  nj  aPectral  corner  frequencies  (see  chapter  4.1) 

A (ft ) ; v(d)  spectral  moduli  (capital  letters)  of  time  functions  a(t),  v(t). 

Time  values  (used  to  describe  input  time  functions) 
t^j  T total  pulse  durations  (e  • end) 

t ; t 1 t,  equivalent  durations  of  (positive)  velocity;  acceleration;  jerk-pulses 
1 (see  chapter  4.1) 


Response  quantities 

x,  x,  x absolute  response  values,  e.g.  displacement,  velocity  and  acceleration. 

4,  Ax  relative  displacement,  total  velocity  change  in  a system. 

System  properties 


ra;  k;  b 
u • /k/mj 
D * b/2mu 
“i 


Indices 

0,  * 

*• 

.V*' 

xmax 

xtol* 

Jtol 

*tol» 

wtol 

*a  tol 

' vs 

parameters  of  a simple  linear  system:  mass,  stiffness,  damping  resistance, 
natural  angular  frequency 
damping  ratio 

corner  frequency  in  nonlinear  or  complex  systems. 

amplitudes  in  harmonic  vibrations 
maximum  or  peak  input  or  response  values 
tolerable  response  values,  tolerance  criteria 
tolerance  limits,  maximum  tolerable  input  quantities 
tol  tolerable  step  Inputs  (exposure  polygon) 
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SUMMARY 

The  protection  of  man  against  crashes  requires  the  development  of  protective  mechanical  systems  which  must  be  evaluated 
in  the  design  phase  and  in  prep: oduction  and  production  testing  to  determine  their  efficacy.  Such  testing  requires  the  use  of 
validate*.,  mathematical  models  or  other  valid  analogs  that  have  the  appropriate  human  dynamic  response  to  peak  acceleration, 
direction  of  acceleration,  rate  of  onset  of  acceleration,  duration  at  peak  acceleration  and  initijl  position  cf  body  seg- 
ments including  the  range  of  human  anthropometry . The  impact  acceleration  event  associated  with  crashes  has  a time 
duration  of  less  than  one  second  and  usually  less  than  200  ms.  From  1974  through  October  1978  , 80  volunteers  hove  under- 
gone approximately  2000  impact  acceleration  experiments.  The  complete  kinematic  response  of  the  head  and  the  first 
thoracic  vertebral  body  ^Tj)  was  measured  over  the  range  of  variables  requited  for  human  analog  development. 

The  relationships  of  the  kinematic  variables  are  graphically  presented  and  statistically  analyzed.  A previously 
suggested  head  and  neck  model  for  two-dimensional  response  is  evaluated.  The  approaches  and  constraints  for  o three- 
dimensional  model  ore  evaluated.  Anthropometric  effects  on  the  dynamic  response  are  presented.  The  data  base  serves 
as  a basis  for  the  validation  of  human  surrogate  head  and  neck  response  to  -X  and  VY  acceleration. 

INTRODUCTION 

Evaluation  of  candidate  human  protective  devices  against  impact  acceleration  requires  human  simulation  by  such 
analogs  as  cadavers,  anthropomorphic  dummies,  mathematical  models  and  various  primates.  The  human  analog  is  required 
because  man  cannot  tolerate  the  extreme  impact  forces  against  which  such  systems  are  designed  to  afford  protection.  All 
human  analog  testing  and  data  derived  therefrom  suffers  from  one  principal  defect.  Its  correspondence  to  man  cannot  be 
quantitatively  established,  largely  because  of  the  almost  complete  absence  of  quantitative  humor  dynamic  response  data 
ond  human  injury  criteria.  As  a consequence,  dummies  ore  designed  to  reptoduce  static  lather  than  dynamic  anthiopo- 
metric  measurements.  An  alternative,  the  use  of  volunteers  to  test  protective  systems  is  dangerous,  expensive  and  diffi- 
cult to  interpret.  If  a subject  is  not  used  as  his  own  control,  variance  between  subjects  mokes  comparisons  difficult. 
Adjustments  of  certain  protective  restraint  systems  are  a very  large  factor  in  their  ability  to  protect,  but  ore  difficult  to 
reproduce  for  crash  test,  ever,  for  the  same  subject.  Obviously,  a volunteer  can  not  be  used  for  the  testing  of  higher 
levels  of  operation  of  a protective  system  due  to  excessive  risk  of  injury. 

Development  of  a valid  analog  would  result  in  the  capability  to  reproduce  man's  dynamic  response.  Such  an  analog 
does  not  exist  today.  Its  development  requires  determination  of  the  following: 

1 . Moss,  center  of  mass  location  and  principal  jments  of  inertia  data  of  the  important  body  segments.  Some  of 
these  data  are  available  (I,  2,  3,  4,  5,  6). 

2.  Functional  relationships  between  those  body  segments  in  the  dynamic  environment.  The  goal  »s  to  be  able  to 
predict  dynamic  response  of  a given  segment,  given  the  input  accelerations  to  that  segment, 

3.  Deformation  characteristics  of  critical  anatomical  segments  which  interact  with  the  restraint  system. 

4.  Injury  criteria  fiom  appropriately  scaled  human  surrogates. 

An  experimental  approach  using  volunteers  and  non-human  primates  was  adopted  in  order  to  resolve  these  difficulties 
of  protective  equipment  evaluation.  The  approach  is  as  follows: 

1,  Measure  the  dynamic  and  physiological  response  of  critical  rigid  body  segments  of  volunteer  subjects  tmdeigoing 
linear  impact  occeleiation  experiments  within  the  limits  of  volunteer  tolerance.  Independent  variables  are  the  peak 
acceleration,  rate  of  omet,  duration,  direction  and  fhe  mltial  condition  of  the  anatomical  segments, 

2,  Measure  the  tame  responses  for  non-human  primates  up  to  the  comparable  levels  of  human  exposure  to  determine 
the  between  species  difference*  of  dynamic  and  physiological  response. 

3,  Measure  the  pathological  response  of  non-human  primates  at  levels  of  permanent  injury. 

4,  Develop  fhe  specifications  for  a humon  analog  and  construct  appropriate  anthropomorphic  test  devices.  This 
would  include  the  means  to  measure  the  response*  in  the  dummy  and  the  criteria  of  injury  to  be  applied  to  the  response 
data. 


The  measured  dynamic  fetation  between  anatomical  segments  is  independent  of  restraint,  provided  that  no  restraint 
it  used  between  the  two  anatomical  points  where  the  measurements  ate  taken.  Data  measured  this  way  are  subject 
to  general  use.  Innovation  of  reliable  means  to  mount  instrumentation  to  anatomical  segments  and 
to  interpret  the  data  between  runs,  between  subjects  atsd  between  species  is  required  in  aider  to  accomplish  the  effort. 
This  hat  been  accomplished  an  volunteers  at  the  head,  Tj  and  the  pelvis,  with  limited  comparison  between  investigators 
|7,  8,  9,  10,  II,  12,  13,  14,  15),  The  mean*  for  calibrating  and  processing  the  data  have  also  been  developed  and 


A 
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reported  (16,  17,  18).  This  paper  summarizes  the  head  and  neck  response  data  for  -X  and  +Y  impact  experiments. 

Transducer  mounts  for  impact  experiments  must  achieve  1)  reproducibility  of  placement  between  runs;  2)  lack  of 
spurious  movement  of  the  transducer  relative  to  the  man;  3)  results  which  could  be  related  to  the  human  population  rather 
than  to  the  individual  alone;  4)  location  of  the  transducers  relative  to  anatomical  coordinate  systems.  The  experiments  must  in- 
clude repented  runs  on  a single  instrumented  individual  to  determine  the  repeatability  of  any  data  collected,  as  well  as  to  assess 
between  subject  variation.  The  various  requirements  for  coordinate  system  documentation  ond  conventions  in  three-dimen* 
sions  have  been  presented  (19,  20,  21,  22). 

The  majority  of  pre-1967  instrumentation  effort  usually  has  been  directed  toward  the  vehicle.  Instrumentation  of  Stapp's 
experiments  was  limited  because  of  the  state-of-the-art  of  inertial  measurement  transducers.  These  deficiencies  included  acceler- 
ometers, rate  gyroscopes  ond  ie  means  to  attach  the  transducers  to  the  anatomy.  In  those  experiments,  Stopp  noted  that 
head-mounted  transducers  mounted  on  a helmet  or  a "bite-plote"  could  not  give  useable  results  (23). 

A joint  Army-Navy-Wayne  State  University  project  wos  initioted  in  1966  ot  the  Naval  Aerospace  Medical  Institute, 
Pensacola,  Florida,  to  make  these  measurements  using  U.  S.  Army  enlisted  volunteers.  This  program  is  continuing  at 
the  Naval  Aerospace  Medical  Research  Laboratory  Detachment  (NAMRLD),  New  Orleans,  Louisiana,  using  U.  S.  Navy 
enlisted  volunteers. 

Dynamic  response  of  the  head  and  neck  to  experimentally  applied  impact  acceleration  wos  the  first  subject  of  the 
study.  Previous  studies  (23,  24)  have  demonstrated  the  difficulties  inherent  in  measuring  accelerations  and  displacements 
of  the  head  and  neck,  as  referenced  to  the  seat.  One  difficulty  has  been  in  the  means  of  generating  the  input  accelera- 
tion. Many  studies  have  been  performed  by  acceleration  facilities  in  which  an  initial  acceleration  was  given,  followed 
by  an  almost  constant  velocity  phase  with  a deceleration  of  less  thon  0.5G,  followed  by  a shaped  terminal  deceleration 
pulse.  One  disadvantage  of  such  an  accelerator  is  the  necessity  for  establishing  a condition  of  zero  dynamic  response 
prior  to  entry  into  the  deceleration  phase.  If  the  heod  and  neck  were  responding  to  the  initial  acceleration  or  subsequent 
velocity  decay  at  the  time  of  initiation  of  the  input  acceleration,  an  artifact  would  be  introduced  into  the  measured 
response  to  the  deceleration  pulse  7 .-.other  disadvantage  is  that  physiological  data  collected  during  an  experiment 
cannot  be  related  to  a tingle  pulse,  but  instead  are  related  to  a series  of  pulses.  It  wculd  appear  less  difficult  to  deter- 
mine the  effect  of  a single  pulse  if  the  experimental  pulse  were  induced  with  the  subject  at  both  inertial  and  phys'ological 
rest. 


Additional  difficulty  lies  in  the  complexity  of  the  forces  acting  simultaneously  on  die  anatomy.  The  sled  moves  away 
from  the  pelvis  in  the  direction  of  acceleration,  but  the  pelvic  restraint  which  couples  the  man  to  the  seat  transmits  the 
acceleration  to  the  pelvis  and  thus  to  the  torso.  The  torso  then  ottempts  to  rotate  around  die  restrained  pelvis  in  the 
mid-vgittal  plane  but  is  prevented  from  doing  to  by  the  shoulder  restraint  harness,  loth  the  pelvic  and  shoulder  harnesses 
stretch  in  response  to  the  dynamic  load  of  the  subject.  A reversal  of  torso  trajectory  then  occurs,  resulting  in  the  torso 
being  forced  down  and  bock.  Concurrently,  the  torso  is  being  moved  through  space  with  the  acceleration  vehicle.  The 
Head  and  neck  alto  respond  by  rotating  through  space  about  a center  of  rotation  in  the  neck  or  neck-torso  function  area. 
Schulman,  et.  at.,  have  shown  that  the  neck  is  capable  of  considerable  stretch  (24).  Therefore,  displacements  of  the 
head  at  measured  from  a snot  reference  point  are  difficult  to  interpret  due  to  the  complexity  of  motion  of  the  entire  tled- 
lorto-heod  system . The  experimental  methods  odopted  for  the  dote  presented  in  this  report  attempt  to  ovoid  these  diffi- 
culties. 

EXPERIMENTAL  DESIGN 

A total  of  15  U.S  , Army  volunteers  were  used  for  measurement  of  the  two-dime nsianel  mid-sagittal  plane  response  to 
-X  (chest  to  back)  impact  acceleration  during  236  experiments  on  the  WHAM  II  accelerator  at  Wayne  Stale  University 
(7,  8,  10).  Sixty-five  U.S.  Navy  enlisted  volunteers  were  used  on  the  HYGE®  impact  accelerator  ot  NAMRLD.  The 
three-dimensional  response  of  the  heod  and  neck  was  measured  for  563  -X  experiments  and  731  +Y  (right  io  left  rfioulder) 
experiments.  The  volunteers  ranged  from  the  3rd  to  the  96th  percentile  of  sitting  height  relative  to  the  U.S.  naval 
aviator  population  (25).  The  anthropometry  on  all  subjects  wos  measured  by  Clouserond  Kennedy  (26,  27), 

The  experimental  data  base  analyzed  in  this  poper  is  derived  from  four  subsets  of  dMa,  summarized  at  follows; 


Number  of  Number  of 


Direction 

Number  of 
Subjects 

Number  of 
Experiments 

Sl«d  AcctUroflon 
Rang*  (G) 

Experimental  Sled 
Profile  Conditions 

Experimental 
Initial  Conditions 

-X 

10 

75 

6,  10,  15 

) 

1 

-X 

13 

100 

6,  10 

1 

4 

tV 

5 

85 

2 through  II 

3 

1 

tY 

6 

100 

2 through  7 

1 

4 

The  experimental  sled  conditions  for  the  first  group  are  high  ante!  long  duration  (HOIO),  high  onset  short  duration 
(HOSD),  ond  low  onset  long  duration  (LOLD)  for  the  sled  acceleration  profile  at  shown  far  I5G,  Figure  I . 
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Figure  I - Typical  Sled  Acceleration  Profiles,  I5G,  -X  Experiment* 

The  initial  condition  was  neck  up/chin  up  (NUCU),  The  experimentol  initial  condition*  of  the  head  and  neck  onotomy 
for  the  tecond  group  ore  NUCU,  neck  up/rhin  down  (NUCD),  neck  forward/fchin  up  (NFClft  and  neck  forword/thln 
down  (NFCD),  with  HOLD  sled  acceleration  profile.  The  third  group  of  run*  used  the  three  sled  conditions  HOLD,  HOSD  and 
tOLD  with  the  NUCU  initial  condition.  Average  sled  profiles  ot  7G  ore  shown  for  this  group  in  Figure  2,  The  fourth  group  used 
four  initial  conditions  of  the  head  ond  neck , NUCU,  head  tilted  right  (HTRTi,  head  tilted  left  (HTLTi  and  head  down  (HDWNi, 
with  the  HOLD  sled  acceleration  profile.  Overlap  of  subjects  and  experiments  is  reported  among  the  four  groups.  Consideration 
of  the  effect  of  the  anthropomorphic  variable  of  sitting  height  was  examined  from  a set  of  eight  experiments  involving  six 
U.S.  Army  voluntoers  on  the  WHAM  II. 
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Figure  2 - Average  Slad  Acceleration  Profile  (7G) 


EXPERIMENTAL  METHODS 

SUBJECTS  - The  detoils  of  the  procedures  and  result*  of  solicitation  ond  evaluation  of  volunteer*  for  impact  and 
vibration  acceleration  stress  experiments  have  been  reported  (28).  Of  1,277  prospective  naval  volunteer* , only  63  (4.9%) 
were  qualified  and  only  44  (3.4%)  successfully  completed  the  experimental  program  at  of  1977. 

SLED  ACCELERATION  PROFILES  - A Bendix  HYGE®  pneumotlcolly  driven  0.340Bm  diameter  accelerator  It  used 
at  NAMRLD  to  accelerate  an  approximately  1.2m  by  3.7m  sled  of  1669  kg  mots.  This  It  rail  mounted  on  twelve 
Delrin  AF®  pucks.  The  acceleration  stroke  it  limited  to  1 .52m  ond  sled  mounted  brakes  are  not  used.  The  effective 
drag  it  about  0.2G,  the  sled  It  allowed  to  coast  to  a stop,  and  total  rail  length  it  213m. 

At  Wayne  State  Univenlty  the  WHAM  II  accelerator  (29)  was  used  at  the  acceleration  end  of  the  track.  The  end  of 
the  experimental  conditions  of  Interest  occurred  when  dynamic  response  was  substantially  completed.  Thlt  occurred  in 
every  Instance  prior  to  the  end  of  the  Initiul  acceleration  pulse.  The  sled  ochleved  a peak  velocity  which  remained 
relatively  constant  until  the  sled  broket  were  activated.  Sled  broking  produced  a smooth  2G  deceleration  until  tero 
lied  velocity  wot  attained.  Accelerator  pulse  shape  for  each  run  was  triangular  with  a long  decoy.  Only  two-dimensional 
Instrumentation  wot  used  (7,  8,  10). 

RESTRAINT  - At  NAMRLD,  the  subjects  ere  restrained  for  -X  experiments  In  a nominally  upright  position  by  shoulder 
ttrapt,  a lap  belt  and  an  Inverted  V pelvic  drop  tied  to  the  lap  belt.  The  thrust  vector  Is  nominally  directed  from  chest  to 
back.  Upper  arm  and  wrist  restraints  are  used  to  prevent  flailing  during  all  higher  level  -X  Impact  acceleration  experiments 
The  same  pelvic  and  torso  restraint  was  applied  during  *Y  experiments.  The  thrust  vector  of  the  sled  was  nominally  directed 
from  the  right  to  the  left  shoulder  and  the  subject  was  positioned  snugly  ogolnst  a lightly  podded  wooden  board  against  the 
right  shoulder  to  limit  the  upper  torso  motion,  In  all  experiments,  a loose  safety  belt  around  the  chest  was  olso  employed. 
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EXPERIMENTAL  MEASUREMENTS  - The  dynamic  parameter*  of  interest  presented  in  this  paper  were  derived  from 
measurements  using  six  piezoresistive  accelerometers  mounted  on  o T draped  plate  at  the  mouth  and  six  accelerometers 
mounted  on  a T-plate  at  the  spinous  process  of  Tj . The  configuration  of  the  accelerometers  on  the  T-plate  and  the  error 
propagation  associated  with  this  melhod  for  determining  linear  displacement,  velocity,  acceleration  ond  angular  orien- 
tation, angular  velocity  and  angular  acceleration  components  of  a rigid  body  have  been  described  (16),  The  cinephoto- 
graphic  system  and  the  two  rate  gyroscopes  used  to  validate  this  measurement  system  hove  been  described  (17). 

The  standard  geometry  of  the  T-plate  is  illustrated  in  Figure  3,  showing  the  position  and  orientation  of  the  accelero- 
meters . 


Figure  3 - 6 Accelerometer  System  3-2-1  Configuration 

The  output  of  each  accelerometer  wot  hardwired  to  an  EAI-Pacer  600®  hybrid  computer,  digitized  at  2000  samples  per 
second  and  stored  on  magnetic  disk  in  reol  time.  The  calibration  information  is  available  in  the  computer  memory  prior 
to  the  run  and  carried  with  the  accelerometer  data.  Within  minutes  after  each  experiment  the  digital  data  are  scaled, 
reconverted  to  analog  form  and  plotted  on  a cathode  ray  tube  for  validation  by  comparison  with  a scaled  light  beam 
oscillographic  plot  of  the  data.  Independently  generated  at  the  time  of  the  tun.  In  addition,  a two  axis  rate  gyroscope 
is  mounted  on  the  head  mount  ond  on  the  T | mount.  The  data  from  these  gyroscopes  were  used  as  an  independent  measure- 
ment of  two  components  of  the  angular  velocity  of  the  head  and  of  the  neck, 

Clnephotagraphic  coverage  of  the  scent  is  provided  by  two  sled-mounted,  pin-registered  16mm,  500  frame  per  second 
cameras,  Miltiken  DBM  5D®  or  DBM  55®,  situated  orthogonally  to  each  other  at  app.-oximetely  one  meter  from  the 
subfset.  These  cameras  are  equipped  with  12,5mm  Kinoptie®  lenses  ot  f4.  Each  camera  has  a 140  degree  shutter  and  is 
equipped  to  print  ten  digits  of  the  time  of  day  ot  time  of  shutter  opening  resolved  to  0,1  ms  along  the  frame  edge  as  well 
as  serial  IRIS  B timing  along  the  opposite  edge.  One  hundred  foot  rolls  of  Kodak  2479  RAR®  film  ore  used, 

A 

Lighting  is  provided  by  four  sled-mounted  General  Electric  4582  lamps  mounted  In  pairs  at  each  of  the  camera 
sites.  One  camera  was  mounted  to  the  right  of  the  subject  with  lens  axil  approximately  normal  to  the  mid-sogittal  plane 
of  ihu  subject.  The  other  one  wot  mounted  in  front  of  the  subject.  Photographic  targets  on  the  Tj  instrumentation  mounts 
as  well  os  the  sled-mounted  target  remained  in  the  field  of  view  of  the  lateral  camera.  Targets  on  the  mouth  mount 
Instrumentation  were  In  Ihe  field  of  view  of  both  cameras.  There  was  an  additional  overhead  camera  for  the  +Y  experi- 
ments, The  Tj  mount  displacement  wet  constrained  to  the  mld-saglttal  plane  and  was  measured  relative  to  the  sled  coordinate 
system  far  -X  experiments.  The  three  dimensional  motion  of  Tj  mount  was  measured  for  +Y  experiments.  The  mouth 
mount  displacement  con  be  measured  In  three  dimensions  relative  to  the  sled. 

In  order  to  compare  subjects  at  similar  points  In  the  anatomy.  It  It  required  to  define  a head  anatomical  coordinate 
system  and  a T | anatomical  coordinate  system  (19,  20,  21,  22),  These  anthropometric  coordinate  systems  are  related  to 
the  Instrumentation  coordinate  systems  by  three-dimensional  x-ray  anthropometry  on  each  subject  (18),  The  basic  refer- 
ence frame  for  the  entire  series  of  experiments  Is  fixed  to  the  laboratory.  11*1*  Is  established  by  first  defining  o sled 
coordinate  system  In  which  the  origin  It  a benchmark  permanently  machined  Into  the  sled  structure.  The  +X  axis  Is  para- 
llel but  In  Ihe  apposite  direction  to  ihe  thrust  vector  of  the  accelerator.  The  +2  exit  It  parallel  to  gravity  and  positive 
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upward  and  the  +V  axil  ii  established  jo  that  the  XYZ  axes  form  on  othogonol  right  hand  triad.  All  ^oo'dinote  systems 
used  in  this  study  are  right  handed  where  X,  V and  Z axes  ore  taken  in  that  order. 

The  dependent  variables  presented  in  this  report  for  -X  experiments  are  defined  as  fallows: 

(a)  Angular  velocity  (RHBOXS)  vRM20XS)  is  the  component  along  the  +Y  head  anatomical  coordinate  system  rela- 
tive to  the  laboratory  reference  coordinate  system.  For  -X  experiments  there  is  no  significant  X or  Z angular  velocity. 

(b)  Arxyjlar  acceleration  'CHBCXSl  is  the  +Y  component  along  the  *Y  heod  anatomical  coordinate  system  relative 
to  the  laboratory  reference  coordino’e  system.  For  -X  experiments  there  is  no  significant  X or  Z angular  acceleration . 

(c)  Resultant  acceleration  (AAXXZS*  :s  the  magnitude  of  the  linear  acceleration  ot  the  heod  anatomical  coordinate 
system  origin  relative  to  the  laboratory  reference  system  origin  computed  from  the  components  along  the  X and  Z axes  of 
the  laboratory  reference  coordirxste  system.  For  -X  experiments  the  Y component  of  acceleration  is  not  significant. 

(d)  Horizontal  acceleration  (A  NXXG9  (ATXXOS)  at  T ] is  the  acceleration  component  of  the  T]  anatomical  coor- 
dinate system  origin  relative  to  the  laboratory  reference  coordinate  system  along  the  +X  axis  of  the  laboratory  reference 
coordinate  system. 

(e)  Sled  acceleration  (ACXXOS)  is  the  acceleration  of  the  sled  along  the  X component  of  the  laboratory  coordinate 
system.  The  laboratory  Y and  Z components  of  acceleration  are  negligible  for  -X  experiments. 

Many  of  the  -X  experiments  presented  in  this  analysis  were  conducted  with  a mouth  mount  that  hod  c resonant  fre- 
quency which  contaminated  the  output  data.  Spectral  analyses  of  accelerometer  dota  were  run  to  determine  the  frequen- 
cies at  which  the  mouth  mount  resonance  occurred.  A linear  filter,  consisting  of  two  second  order  notch  filters  iratio 
of  two  second  order  polynomials),  and  a second  order  low  pass  filter  were  selected  to  attenuate  the  mouth  rnoun  resonance 
across  subjects,  without  significantly  affecting  the  derived  parameters.  The  accelerometer  data  were  shifted  to  account 
for  the  delays  associated  with  the  filtering  process.  To  establish  that  this  filter  did  not  alter  the  output  variables  signi- 
ficantly, rum  without  a mouth  mount  resonance  were  analyzed  with  no  filter  and  with  the  filter,  described  previously. 

No  significant  changes  in  the  output  variables  were  observed  when  the  filter  was  used  on  mouth  mount  data  known  to  be 
free  of  resonances.  This  study  Is  interested  in  the  average  effects  of  onset  and  duration  over  subjects  and  the  subjects 
were  pooled  in  subsequent  regression  analyses.  In  order  to  determine  the  general  response  of  subjects  to  onset  and  dura- 
tion, an  alignment  program  wos  used  to  line  up  the  variables  of  all  runs  in  each  of  the  nine  experimental  conditions  de- 
fined by  onset,  duration  (HOSD,  LOID  and  HOLD)  and  peak  sled  acceleration.  The  average  profiles  for  each  variable 
of  inteiest  ware  calculated  for  each  experimental  condition  and  comparison  plots  of  these  average  profiles  wero  made  at 
each  of  the  three  nominal  G levels.  The  alignment  program  was  designed  to  shift  the  signal  vector  representing  the  time 
profile  of  the  variable,  so  that  in  the  time  window  of  interest,  the  overage  correlation  between  oil  the  vectors  in  a group 
was  maximized.  This  is  consistent  with  a minimum  mean  square  departure  of  the  normalized  signal  vectors  from  the  aver- 
age. The  average  profiles  determined  prove  to  be  a good  method  to  observe  subtle  shape  differences  in  the  tim<'  profiles 
of  the  variables  of  Interest.  The  average  profiles  were  shifted  so  that  the  peak  values  for  each  variable  were  approxi- 
mately consistent  with  the  average  time  at  which  the  peak  occurred  for  that  condition. 

The  sled  acceleration  is  fixed  in  the  -X  laboratory  direction.  In  the  +Y  experiments  the  orientation  of  the  subject 
on  the  sled  is  such  that  the  sled  acceleration  1«  in  the  +Y  anatomical  direction. 

The  dependent  variables  for  +Y  experiments  presented  in  this  report  are  named  and  defined  as  follows: 

a.  RHACXS  (RHOOXS)  - Resultant  Angular  Velocity  is  the  resultant  of  the  head  angular  velocity  about  the  head 
anatomical  X and  Z axes.  The  component  of  angular  velocity  about  the  onotomiccl  Y axis  (pitching  of  the  head)  it  r.ot 
significant  for  these  sY  experiments. 

b.  QHACXS  (QHOOXS)  - Resultant  Angular  Acceleration  it  the  'esultont  of  the  head  angular  acceleration  about 
the  heod  anatomical  X and  Z axes.  The  component  of  angular  acceleration  about  the  anatomical  Y axis  is  not  significant 
for  these  +Y  experiments. 

c.  AAOXOS  - Resultant  linear  Acceleration  it  the  magnitude  of  the  heod  linear  acceleration  at  the  orlpin  of  the 
head  anatomical  coordinate  system  relative  to  the  'aboratory  reference  coordinate  system. 

d.  ANXXOS  - Horizontal  acceleration  at  T j it  the  acceleration  component  of  the  Tj  anatomical  coordinate  system 
origin  relative  to  the  laboratory  reference  coordinate  system  along  the  +X  axis  of  the  laboratory  reference  coordinate 
system. 

e.  ACXXOS  - Sled  acceleration  Is  the  acceleration  of  the  sled  along  the  X component  of  tht*  laboratory  coordinate 
system.  The  laboratory  Y and  Z components  of  acceleration  ore  negligible. 

f.  RANGIE  - Direction  of  angular  velocity  vector  Is  defined  as  the  arc  tangent  of  the  component  of  heod  angular 
velocity  about  the  head  anatomical  Z axis  divided  by  the  head  angular  velocity  about  the  head  anatomical  X axis.  The 
component  of  head  angular  velocity  about  the  head  anatomical  Y axis  Is  not  significant  for  these  tY  impoct  runs. 

For  alt  experiments,  the  time  on  alt  plots  It  relative  to  a time  celled  data  processing  time  zero  established  at  40 
milliseconds  prior  to  first  motion  of  the  sled.  First  motion  of  the  sled  It  determined  by  the  best  straight  line  fir  to  th« 
rising  portion  of  the  sled  acceleration  profile  between  20  and  30  percent  of  peak  sled  acceleration.  The  extrapolation 
of  this  line  to  Its  Intercept  with  the  time  axis  establishes  time  ef  first  motion.  Rate  of  onset  Is  defined  at  the  slope  on 
the  rising  portion  of  the  acceleration  profile  between  20  and  30  percent  of  peak  sled  acceleration,  cmd  duration  it  de- 
fined as  the  time  spent  above  73  percent  of  peak  sled  acceleration . 

Analysis  of  -*Y  experiments  Is  directed  toward  the  evaluation  of  the  average  effects  c? onset  and  duration  over 
subjects.  Data  from  five  subjects  were  pooled  to  obtain  average  profiles  of  parameters  of  interest  os  wall  os  for  purposes 
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of  subsequent  regression  analysis  on  peak  values  of  interest.  The  average  profile  for  each  variable  of  interest  was  calm* 
lated  for  each  experimental  condition  and  compared.  The  average  profile  for  each  condition  was  obtained  by  averaging 
across  subjects  using  first  motion  as  determined  from  the  sled  profile  to  align  the  profiles  of  the  subjects’  response.  The 
variations  in  time  at  which  peak  values  of  head  and  T|  response  measurements  occurred  were  small  enough  across  subjects 
so  that  die  overage  profiles  were  an  excellent  summary  of  the  replications. 

In  this  study,  the  relationship  of  head  peak  angular  acceleration,  head  peak  angular  velocity,  head  peak  resultant 
acceleration  and  peak  horizontal  acceleration  to  sled  onset,  duration  and  peak  acceleration  were  of  particular 
Interest  for  oil  experiments.  For  each  variable  of  interest,  the  pecks  were  read  manually  from  the  variable  profile.  The 
first  positive  major  peak  was  used  for  the  parameters  of  head  angular  acceleration,  angular  velocity  and  resultant  threat 
acceleration.  These  first  peaks  were  ordinarily  found  to  be  the  largest  for  these  runs  with  the  exception  that  the  angular 
acceleration  for  one  subject  was  characterized  by  two  peaks  of  almost  equal  value.  An  unambiguous  first  peak  was 
found  to  be  more  difficult  to  define  foi  the  horizontal  linear  acceleration  at  Tj.  The  first  peak  was  always  negative 
and  was  usually  followed  by  o relatively  sharp  decrease  in  magnitude  followed  by  a series  of  lesser  peaks.  The  first 
peak  was  selected  as  the  peak  value  as  long  as  the  decrease  subsequent  to  it  was  of  sufficient  magnitude.  However, 
if  the  decrease  was  minor  and  the  continuing  part  of  the  curve  fit  in  well  with  its  antecedent,  the  second  peak  was 
selected. 

The  peak  values  of  the  parameters  of  interest  were  regressed  on  the  three  parameters  defining  the  sled  profile,  A 
stepwise,  multiple  linear  regression  analysis  was  used  in  which  parameters  were  eliminated  on  the  basis  of  an  f test  if 
found  to  be  not  significant  ot  the  five  percent  level.  In  addition,  regression  of  head  kinematic  variables  on  peak 
horiz  nital  linear  acceleration  at  the  T | anatomical  origin  was  also  obtained.  Previous  attempts  to  define  equivalent 
onset  and  duration  parameters  for  the  horizontal  acceleration  at  T * were  only  partially  successful  and  were  not  attempted 
in  this  study. 

INITIAL  CONDITIONS  - The  effects  of  initial  conditions  for  -X  and  *Y  experiments  were  evaluated  in  the  HOLD 
sled  acceleration  condition.  The  initial  conditions  Ailing  -X  experiments  were  established  from  photography,  the  photo 
data  from  four  taigets  on  the  1 j mount  and  four  targets  on  the  mouth  mount  from  the  lateral  camera  were  only  used  to 
obtain  the  initial  conditions.  This  was  done  by  analyzing  15  ham. ^approximately  ? msec  apart,  prior  to  first  motion 
of  the  sled  to  verify  that  there  was  little  head  or  neck  motion  prior  to  this  condition  The  initial  values  are  consistent 
with  the  position  and  oiientation  data  at  first  motion. 

The  least  square  fit  of  initial  conditions  was  obtained  and  was  consistent  with  die  photo  data  and  consistent  with  the 
constraint  that  the  anatomical  origins  were  only  allowed  to  be  moved  in  the  laboratory  X and  / directions.  The  lotation 
was  only  about  the  laboratory  Y axis.  This  constraint  U consistent  with  the  established  finding  that  motion  of  the  heod 
and  neck  was  limited  to  die  mid-sogitfal  plane  for  -X  experiments. 

The  neck  angle  iMustiated  in  I iguie  4 was  calculated  from  the  coordinates  of  die  hecid  anatomical  and  t j anatomical 
origin  locations  at  first  sled  motion.  The  head  angle,  also  shown  in  figure  4,  comes  directly  from  the  photo  doto. 

For  all  *Y  nrns  the  subject  is  seated  upright  in  a chair  so  that  the  sled  thrust  vector  is  nominally  in  the  direction  from 
the  right  to  the  left  shoulder,  and  die  giavity  vector  is  downward  from  the  heod  dwough  the  subject's  seat.  Therefore,  the 
initial  nominal  orientation  of  Hie  head  anatomical  and  die  Tj  anatomical  coordinate  system  is  such  diat  die  anatomised 
•X  is  nearly  along  the  laboratory  *Y  and  die  anatomical  *Y  ts  parallel  with  the  laboratory  -X  as  shown  in  figure  5. 
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Figure  5 - Illustration  of  Initial  Condition  Variables  If  «Y  Experiments 

Photography  W used  ogoln  to  measure  the  Initial  potltlon  of  the  hood  and  T j in  throo  dimensions.  The  initial  condi lions 
of  the  nack  link  and  the  hood  art  dafinad  relative  to  o coordinota  system  with  tho  Y'  axil  diractod  along  lha  ilad  thruit 
vector.  The  Z'  axil  ii  diractod  upward  in  tha  oppoiita  direction  to  tho  gravity  vector,  end  the  X'  axil  ii  directed  to  that 
X',  Y',  l ' form  a right  hand  orthogonal  coordinate  tyitem,  Thii  coordinate  lyttem  and  itt  orientation  relative  to  the 
laboratory  coordinate  lyttem  ii  relotive  to  tha  origin  of  the  coordinota  lyttem  for  Tj , The  neck  line  ii  defined  by  o length 
from  T.  to  A and  two  anglet,  01  ihown  in  Figure  5.  The  initial  orlentotlon  of  the  head  anatomical  coordinate  tyitem  Ii 
defined  by  three  Euler  onglet.  AMuming  that  the  head  anatomical  X,  Y,  Z coordinate  lyttem  It  ollgned  with  the  X',  Y‘, 

Z ' tyitem  In  cigure  5,  then  Euler  I ii  a rotation  about  the  hood  onotomlcal  X axil  trait!,  Euler  2 it  a rotation  about  the 
carried  hood  Y anatomical  oxlt  (pitch)  end  Euler  3 it  a rotation  about  the  carried  head  Z anatomical  oxil  (yaw), 

RESULTS 

Figure  I present!  the  typical  tied  acceleration  profiles  for  ISC,  • X experiments  for  the  three  conditions  of  onset  and 
duration.  The  characteristic  shape  of  HOLD  profile  wot  used  for  Initial  condition  -X  experiments.  Figure  2 presents 
the  overage  sled  eccele  atlon  profiles  for  7G,  *Y  experiments.  Again,  HOLD  profile  was  used  for  the  Initial  condition, 

*Y  experiments.  Every  attempt  wot  mode  to  hold  the  sled  acceleration  shape  constant  far  the  specified  condition  regard- 
less of  initial  condition  or  orientation  of  subject  on  tha  sled. 

Figures  6a,  6b,  6c  end  6d  are  comparisons  of  the  average  horliantal  acceleration  at  T|  anatomical  origin,  head  angular 
acceleration  and  velocity  about  the  hood  anatomical  Y axis  and  the  resultant  (X  and  Z components)  acceleration  of  the  head  for 
• 5G,  -X  experiments,  fhe  comparison  is  for  the  three  sled  acceleration  profiles  HOLD,  HOSO  and  l CUD.  The  average  t'me 
profiles  of  fhe  horliantal  acceleration  at  the  T | anatomical  origin  are  considered  to  be  the  main  driving  Input  for  the 
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head  and  neck  dynamic  response . Independent  of  condition  or  G level,  the  form  of  these  curve*,  including  peak  struc- 
ture and  time  latencies,  is  very  similar.  The  form  of  the  Tj  curve  most  likely  reflects  the  lestroint  torso  interaction 
dynamic  response.  The  first  poak  value  for  the  HOLD  and  HOSD  conditions  is  higher  than  the  peak  for  the  low  onset 
condition  tLOLDL  at  all  G levels.  The  high  onset  results  in  a higher  first  peak  acceleration  at  Tj,  The  duration  has 
marked  effect  on  tire  level  of  acceleration  subsequent  to  the  first  peck  a!  oil  G levels. 

An  important  observation  concerning  the  horizontal  acceleration  at  T | profiles  is  that  the  differences  in  onset  for 
the  HOLD  and  HOSD  conditions,  when  compared  with  the  LOLD  condition,  do  not  reflect  the  differences  implied  by 
the  onset  of  the  sled  profiles.  To  verify  this,  an  onset  rate  was  defined  for  the  T j profile  as  the  average  slope  in  the 
20  to  50  percent  region  of  the  peak  acceleration  at  T. , The  onset  thus  defined  was  found  to  be  extremely  variable.  On 
an  overage  basis  if  was  found  that  the  onset  for  the  LCLD  condition  wos  approximately  equal  to  that  of  the  sled,  whereas 
the  onset  thus  defined  for  the  HOLD  and  HOSD  conditions  was  about  one-half  the  value  expected.  The  angular 
acceleration  profiles  are  similar  in  shape  for  the  three  conditions  but  the  HOLD  condition  has  the  highest  peok  and  the 
LOLD  has  the  lowest  peak  value  for  6,  10,  I5G,  os  shown  for  I5G  in  Figure  6b,  The  HOSD  condition  is  intermediate 
between  the  other  two  conditions. 
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Flgue  6o  - Comparison  of  Horizontal  Linear  Acceleration  Profiles  at  Tj  ^SG,  -X  experiments 


Although  the  peaks  ore  significantly  different  rst  6 ond  I0G  peak  sled  accelerations,  there  is  tittle  difference  between  the 
HOSD  and  LOLD  condition  of  I5G.  In  addition  to  the  peak  differences  fhe  profiles  for  the  HOLD  and  HOSD  conditions  me 
mote  peaked  than  for  the  LOLD  condition  ?he  width  or  duration  of  the  HOSD  condition  is  significantly  less  than  that  of  either 
HOLD  or  LOLD  condition,  ?he  width  or  duration  of  the  LOLD  condition  is  somewhat  greater  than  the  HOLD  condition.  In 
general,  increasing  onset  and  duration  both  lend  to  Increase  the  peak  value  of  angular  acceleration. 
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Figure  6b  - Comparison  of  Average  Head  Angular  Acceleration  Pro  filet/1 5G,  -X  Experiments 


The  average  angular  velocity  profilet  for  the  three  condltiont  of  • ttudy  were  compared  at  6,  10  ond  I5G  peak  tied 
acceleration,  respectively.  The  15G  condition  it  thown  In  Figure  6c.  The  runt  with  long  duration,  independent  of  onset, 
have  a significantly  larger  peak  angular  velocity  than  the  short  durotion  run  (HOSD).  Comparing  the  HOLD  and  LOLD  condi- 
tions, only  a slight  difference  in  peak  values  it  observed.  However,  the  HOLD  condition  hat  a more  oeaked  profile  In  and 
around  its  maximum  value,  followed  by  a plateau  which  eventually  blends  in  and  follows  the  LOLD  profile.  Thit  suggests  that 
the  major  effect  on  peak  angular  velocity  is  durotion,  with  a letter  effect  due  to  ontet  resulting  in  the  peakednest  of  the  profile 
around  its  maximum  value.  The  peokednett  of  the  HOSD  condition  it  timilor  to  that  of  the  HOLD  condition,  but  the  width  of 
the  profile  for  the  HOSO  condition  is  significantly  lets  than  that  lor  the  conditions  with  the  longer  durations.  The  curvet 
,u09*‘*  that  the  HOLD  condition  it  an  addition  of  a rather  large  effect  due  to  duration  and  a smaller  effect  due  to  ontet.  The 
above  comments  are  In  general  correct  ,-t  all  three  G levelt,  however,  the  peakednest  difference  between  the  HOLD  and  LOLD 
conditions  teemt  to  become  leu  ;rc  rounced  at  G level  Increases.  Thit  it  consistent  with  the  foct  that  In  thit  ttudy  the  ontet 
conditions  were  Increasing  with  G level,  and  hence,  at  15G  even  the  ontet  for  the  LOLD  condition  was  high. 


Comparison  of  the  resultant  linear  acceleration  at  the  head  onotomico!  origin  far  the  three  conditions  at  6,  10  ond  15G 
peak  sled  acceleration  wot  done,  and  it  thown  for  15G  in  f igure  6d.  In  general,  for  all  conditions  ond  G levels,  thit  profile 
it  characterized  by  two  dominant  peaks.  The  HOLO  condition  hot  tlgniflcontly  higher  peek  values  than  either  the  LOLD  or  the 
HOSD  condition.  The  two  peak  values  for  the  long  duration  runt  are  approximately  the  lame  magnitude  and  spaced  apart  obout 
the  same  time.  The  second  peak  far  the  HOSD  condition  It  much  attenuated.  (oHenuation  increasing  with  G level),  and  the  time 
Interval  between  thete  peaks  (or  thit  condition  It  much  thorfer  than  that  for  the  long  duration  condition.  There  are  both  onset 
end  duration  effects  on  the  tint  peak  of  thit  variable.  The  time  rt  which  the  second  peak  occurs  should  moke  It  almost  solely 
dependent  on  duration,  but  It  also  teems  to  be  affected  by  onset.  Thit  It  perhaps  due  to  the  effect  that  ontet  hat  nn  the  T j 
acceleration  peak  structure  at  this  time,  as  a result  of  restraint  system  torso  Interaction  dytsomlct. 
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Figure  6c  - Companion  of  Average  Hoad  Angular  Velocity  Profiles 'TSG,  -X  Experiments 


A character  itfic  lequence  of  event!  independent  of  G lewet  and  onset  duration  conditiont  it  invariably  the  peak  tied 
acceleration  followed  lucceitivcly  by  peak  horironta!  acceleration  at  T|,  peak  angular  acceleration  of  the  head  and  peak 
angular  velocity.  The  flr*t  peak  of  retultant  acceleration  occun  at  about  the  some  time  at  peak  angular  acceleration  in  most 
experiment!. 


Since  reitraint  lyttem  dynamic!  vary,  it  it  detirable  to  relate  the  re«ult*  of  fhii  ttudy  to  parameter*  defined  from  the 
acceleration  profile!  meaiured  at  Tj,  rather  then  the  tied.  The  tied  profile  can  be  chotacterirerf  well  by  peak  tied 
acceleration,  rote  of  ontel  and  duration.  The  input  ot  Tj  has  a mare  complicated  structure  dire  to  bead  feedback  and  Hxto 
reitraint  dynamic  characteriitici,  Fhe  T j profile  was  character  I red  by  uling  the  three  parameters  extracted  tram  the  Tj 
horliontal  acceleration  profile!  I)  the  magnitude  of  the  firit  peak,  it  onset,  defined  as  the  slope  ol  the  profile  be- 
tween 20  and  50  percent  of  fhe  firit  peak  value,  and  3)  duration,  defined  at  the  velocity  in  the  horirontal  direction  at 
140  mllliiecartdi  divided  by  75  percent  of  fhe  peak  magnitude.  The  peak  magnitude  and  onset  are  defined  similarly  to  the 
eorreiponding  definition!  on  fhe  lied  prattle.  The  rationale  for  defining  dieation  in  fhis  manner , ii  an  attempt  to  detine 
a tingle  parameter  which  reflect!  in  general  the  duration  of  fhe  overage  acceleration  of  the  T ^ profile  in  a time  window 
where  all  the  peak!  of  infereif  have  occsrred  The  data  fat  oit  lubjeeft  and  nil  G leveli  were  pooled  and  o multiple  step- 
wlie  regtetilon  wot  performed  on  each  output  variable  utlng  parameter!  defined  from  the  sled  profile  sir  parameters  defined 
from  fhe  horlcontal  acceleration  profile  at  f j. 
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Table  I present*  the  coefficients  found  significant  at  the  five  percent  level  for  each  dependent  variable  based  on  regression 
on  sled  defined  parameter  and  parameters  characterizing  the  horizontal  acceleration  profile  at  T|-  The  standard  deviation  In 
the  residuals  for  each  dependent  variable  is  also  shown.  In  ordet  to  better  understand  the  mechanism  by  which  onset  and  dura- 
tion affect  peak  dynamic  parameters  of  Interest  on  the  head,  a model  of  the  head  and  neck  was  exercised  to  see  to  what  extent 
the  horizontal  acceleration  profile  at  Tj  explained  the  effects  observed.  The  model  consists  of  a Hinge  point  at  Tj,  and  a neck 
link  coupled  to  a head  link  with  a hinge  point.  The  driving  input  to  the  model  used  In  this  study  was  the  average  horizontal 
acceleration  profile  at  T j • Details  of  this  analysis  have  been  previously  reported  (30). 

If  one  linearizes  the  differential  equations  of  the  model  and  neglects  torso  neck  interaction  and  damping  terms,  the  peak 
angular  acceleration  of  the  head  Is  found  to  depend  on  two  terms.  The  rate  of  extension  of  the  head  on  the  neck  at  the  instant 
of  head  neck  spring  constant  discontinuity  is  the  extension  velocity.  The  first,  and  apparently  major  term  is  proportional  to 
this  extension  velocity,  at  the  extension  corresponding  to  the  spring  constant  discontinuity , the  natural  frequency  of  the  head 
neck  interaction  and  a combination  of  model  parameters  Involving  the  lengths  of  the  neck  and  head  link  and  radius  of  gyration 
of  the  head.  The  second  term  is  dependent  on  duration  or  the  average  acceleration  level  at  Tj  subsequent  to  the  extension 
angle  discontinuity  in  the  head  neck  spring  constant. 


The  natural  frequency  of  the  head,  neck  interaction  consistent  with  the  model  parameters  is  18.6  Hz  If  the  first  term  is 
the  leading  factor,  the  maximum  angular  acceleration  will  occur  in  one-fourth  cycle  of  the  head  neck  peiiod,  or  approximately 
13  milliseconds.  This  was  found  to  be  the  time  interval  which  occurs  between  the  extension  angle  discontinuity  in  spring 
constant  and  the  peak  angular  acceleration  at  all  G levels  in  all  conditions.  This  explains  in  the  model  the  correlation  of 
extension  velocity  with  peak  angular  acceleration.  Since  the  model  is  in  reasonable  agreement  with  the  data  in  the  relative  . 
effects  of  onset  and  duration,  it  suggests  the  importance  of  extension  velocity  in  the  data  as  well. 


It  is  interesting  to  note  that  this  same  linear  analysis  indicates  that  peak  angular  acceleration  may  have  a subject 
dependent  parameter  approximately  proportional  to  the  square  root  of  the  spring  constant,  times  the  neck  length, divided  by  the 
head  moment  of  inertia.  If  the  spring  constant  can  be  assumed  proportional  to  the  strength  measurements  of  the  neck,  it  will 
be  interesting  in  a future  study  to  correlate  this  parameter  with  peak  angular  acceleration.  This  is  particularly  significant 
since  preliminary  analysis  of  the  effect  of  sitting  height  on  dynamic  response  runs  conducted  on  the  response  of  six  U.S,  Army 
volunteers  to  -X  impact  acceleration  showed  no  significant  relationships  (as  shown  in  Table  II). 


Table  li  - Selected  Physical  Anthropomehlc  Data  on  Test  Subjects 


Sitting  Height  ^ Weight 

Subject  No.  cm  (in) 0 Percentile  kg  (lb) 


010 

97.8 

(38.51 

96 

80.2 

(176.51 

007 

97.8 

(38.51 

96 

70.2 

(154.5) 

003 

92.5 

(36.4) 

53 

71.6 

(157.5) 

016 

91.9 

(36.2) 

47 

75.7 

(166.5) 

009 

89.2 

(35.1) 

17 

70.7 

(155.6) 

013 

88.4 

(34.8) 

12 

60.8 

(133.7) 

f*  From  Clauser  (26) 
b From  NAEC-ACEl  Report  533  (25) 


The  correlation  coefficients  relating  both  the  mouth  mount  peak  resultant  accelerations  and  mouth  mount  peak  angular 
velocities  to  the  sitting  heights  of  the  six  subjects  for  the  selected  rum  did  not  demonstrate  a significant  relationship  at  the 
p 0.05  level . A correlation  coefficient  of  0.  811  would  be  required  to  establish  significance  at  the  p-0,05  level  with  only 
six  subjects  for  any  given  run  The  inclusion  of  data  from  additional  subjects  would  make  if  possible  to  demonstrate  a 
significant  relationship  with  a lesser  correlation  coefficient  value,  if  any  relationship  does  indeed  exist.  However,  no 
relationship  was  established  between  mouth  mount  peck  resultant  linear  acceleration  or  mouth  mount  peak  angola*  velocity  and 
subject  sitting  height.  Therefore,  the  contribution  of  anthropometric  variables  to  the  between  subject  variability  in  dynamic 
response  remains  unknown. 

Variation  of  the  initial  condition  of  the  head  and  neck  for  the  *X  experiments  has  further  important  effects  on  the 
dynamic  responses.  The  NUCU,  NUCD  and  NFCU  condition  effects  on  variable  peaks  can  be  represented  by  a linear 
regression  model,  as  shown  in  Table  III.  However,  the  NFCD  condition  induces  such  major  changes  in  the  response,  that 
a simple  statistical  model  it  unable  to  explain  the  results. 


, i.s . S A«!  wi-ijfr  •*».»>  • 


A5-14 


Table  III  - Regression  Constants  Pooled  6 and  tOG  Runs  for  Condition 
NFCU,  NUCD,  and  NUCU,  -X  Experiments 


DEPENDENT 

INDEPENDENT  VARIABLES 

STD.  DEVIATION  OF 

VARIABLE 

CONSTANT 

mm 

ATX 

NECK 

ANGLE 

m 2 

DEPEND.  VARIABLE 

- 

2.53 

BW 

- .152 

2.90  > 

- 

.0718 

u 

.0200 

.0315 

- 241.0 

135.0 

m 

-5.43 

U) 

111.9 

12.39 

b9 

1.66 

2.46 

J 

I 

22.42 

H 

mm 

mm 

i 

t 

R 

B 

mm 

26.4  | 

■fl 

BPS! 

.793 

- .108 

3 84  1 

u> 

mtm 

HB 

.0782 

.0283 

.0421 

■ 

am 

-43.9 

fpmi 

i 

259.1  j 

i 

u 

i 

I! 

5.23 

BBB 

bsb 

- 

■£Jt 

— 

31.0 

R 

- 

ZX 

8 

j 

mm 

ATX 

5.19 

wwmm 

SB 

— 

warn 

1.30 

— 

BH 

B 

2.81 

REGRESS.  COEF. 
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Comparison  of  the  Tj  horizontal  acceleration  shows  little  difference  between  NFCDand  NUCU  for  10G  experiments  figure  7). 
The  initial  condition  effect  is  best  shown  in  Figure  8,  wherein  the  head  angular  velocity  is  markedly  attenuated  in  the  NFCD 
portion.  In  general , the  closer  the  alignment  of  the  heod  and  neclr  long  axis  to  the  acceleration  stroke,  the  lesser  the 

1*0739  Atxxns  ^ (♦)  H00041  NSCO  100.  7895.8 

l X 0567  AToOS  - I.)  MOpntlNUCu  !0  0.  7J8I.I 


Figure  7 - Comparison  of  Horizontal  Acceleration  at  Ti  Origin  far  NUCU 
Versus  NFCD  Initial  Conditions,  10G,  -X  Experiments 
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The  results  of  the  rY  experiments  and  the  effect  of  sled  acceleration  variables  of  peak,  onset  and  duration  are  presented 
in  the  same  way  os  for  the  -X  experiments.  Important  similarities  were  found.  The  7G  average  profiles  for  horizontal 
acceleration  at  the  Tj  anatomical  origin  (ANXXOS),  resultant  head  angular  acceleration  (QHACXS),  resultant  head  angular 
velocity  (RHACXS)  and  resultant  linear  acceleration  of  the  head  (AAOXOS)  are  presented  in  Figures  9a,  9b,  9c,  and 
9d  Each  figure  shows  the  comparison  of  the  average  profile  for  the  th'ee  conditions  defined  by  onset  and  duration.  Observa- 
tion of  Figure  9a  indicates  that  the  profile  structure  or  horizontal  acceleration  at  Tj  is  very  similar  for  each  of  the  conditions. 
Corresponding  peaks  can  be  found  for  each  condition  and  it  is  possible  to  observe  the  impulse  response  of  the  restraint  torso 
dynamic  system.  As  to  be  expected,  the  latency  for  the  first  peak  for  the  LOLD  condition  relative  to  that  for  the  HOSD  and 
HOLD  condition  can  be  observed  in  the  prots  for  nil  the  variables  in  Figures  9a,  9b,  9c  and  W.  The  magnitude  of  the  HOLD 
condition  is  greatest  with  little  difference  between  the  HOSD  and  LOLD  conditions. 
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Figure  9b  - Average  Head  Angular  Acceleration  Aofile,  7G,  *Y  Experiments 


The  magnitude  of  the  head  angular  acceleration  for  the  HOLD  condition  is  greatest  with  little  difference  between  the 
HOSD  and  LOLD  condition.  The  magnitude  of  the  second  peak  (maximum  angular  deceleration!  is  a large  percentage  of  the 
magnitude  of  the  first  peak  and  on  individual  runt  is  often  os  great  at  the  first  peak.  This  effect  seems  to  be  subject 
dependent  and  it  most  pronounced  far  one  particular  subject  who  was  quite  short  and  mtecular.  Semiquontitotively,  the 
magnitude  of  the  peak  head  angular  deceleration,  (second  peak)  relative  to  the  peak  head  angular  acceleration,  (first  peak) 
is  greater  for  *Y  experiments  than  for  -X  experiments.  The  peok  angular  velocity  far  HOLD  it  the  greatett,  with  the  LOLD 
condition  a close  second  and  the  HOSD  condition  tianiflcontlv  lets  then  either  of  the  previous  conditions  figure  9c). 
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RUN  NO.  SYM.  PLOTTED  SUBJECT  SLED  ACC.  ONSE« 
H0SOO7  RHACXS  = CX)  AVERG  70.3  82S1. 
LOLD07  RHACXS  = C + ) AVERG  70.1  1618. 
HOLC07  RHACXS  = CO)  AVERG  S3. 3 5957. 


The  resultant  heod  linear  acceleration,  Figure  $d,  is  o bimodal  curve  and  very  similar  in  structure,  independent  of  onset 
dur-ition  condition.  There  is  little  difference  in  the  magnitude  of  the  first  peak  for  HOLD  and  IOID  conditions,  but  both 
ore  signifi contly  greater  than  the  corresponding  peak  for  the  HOSO  condition.  Allowing  for  the  fact  that  in  this  study 
resultant  head  anguioi  acceleration  and  velocity  ore  presented,  instead  of  the  single  component  of  the  -X  study  the  profiles 
for  *Y  ore  very  similar  to  those  for  -X  (1 II. 
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Figure  W - Average  Resultant  Linear  Acceleration  a*  Head  Anatomical  Oigin,  7G,  tY  Experiment* 

The  average  peak  value  of  head  angular  acceleration,  angular  velocity  and  reiultont  linear  acceleration  have  been 
analysed  for  -X  and  +Y  experiment!  m relation  to  peak  sled  and  Tj  acceleration.  Figure*  10  and  II  illustrate  tie  rela- 
tion for  peak  head  angular  acceleration,  peak  sled  and  T j acceleration  respectively.  The  dashed  line  on  each  figure  It 
the  regression  line  obtained  from  pooling  tY  data  for  all  subjects  and  all  conditions  in  the  peak  sled  acceleration  range 
from  2 to  8G.  Data  beyond  this  point  were  not  used  in  the  regression  because  many  of  the  curves  appeared  to  require 
non-linear  regression  models.  Figure  10  shows  the  higher  angular  acceleration  relotive  to  sled  acceleration  for  the  *Y 
experiments.  On  the  other  hand,  in  Figure  it,  the  peak  head  angular  acceleration  Is  plotted  versus  the  Tj  peak  horizon- 
tal acceleration  and  the  difference  between  the  >Y  and  -X  experiments  disappear.  The  higher  head  angular  accelerations 
seen  in  the  »Y  ttudy  ate  undoubtedly  the  result  of  higher  acceleration  at  T)  for  the  same  sled  acceleration.  The  coupling 
of  sled  forests  to  the  upper  torso  of  the  subject,  through  the  lightly  padded  rigid  board,  contact  with  the  subject's  right 
shoulder,  at  well  at  the  different  transmission  paths  through  the  torso,  ore  responsible  for  this  increased  T|  linear  acceler- 
ation in  the  tY  runs.  For  -X  experiments  the  only  significant  component  of  angular  acceleration  and  angular  velocity 
it  around  on  axis  which  It  normal  to  the  mld-soqlttol  plane.  In  contrast  to  this,  analyils  of  the  »Y  experiments  show  that 
the  components  around  the  anatomical  X and  Z axes  (roll  and  yaw,  respectively)  were  both  significant.  Therefore,  the 
resultontt  of  the  angola'  acceleration  and  of  the  angular  velocity  around  these  two  axes  have  been  used  in  the  *Y  study. 
The  similarity  in  thape  of  the  components  of  angular  velocity  around  the  anatomical  X and  Z axes  suggest*  thot  perhaps 
the  direction  of  the  angular  velocity  remained  corstant  during  most  of  the  angular  travel  at  the  hood. 
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Figure  12  - Resultant  csd  Direction  of  Angu*s  Veloci'  Vector,  7G,  HOID,  *Y  Experiment 

Figure  12  it  a plot  o f the  direction  of  the  angular  velocity  in  the  head  anatomy  superimposed  on  the  resultant  ongular 
velocity.  At  con  be  teen  from  this  figure  the  angle  made  by  the  angular  velocity  vector  in  the  head  anatomy  it  eon- 
ttant  over  the  time  where  the  angula1  velocity  • » appreciable.  Although  thit  figure  it  for  a particular  run  in  thit  stud' 

It  it  indicative  of  most  of  the  runt  in  the  stud,  independent  of  conditions  of  G level.  The  angular  velocity  vector  it  in 
the  mid-sagittal  plane  between  the  *X  and  -l  csrsa'amical  n«es  and  mo  lies  -n  angle  of  app  sximately  0,6  radiont  with 
♦he  *X  axis.  The  angle  it  approximately  consta  • across  t<  e subjects  uted  for  the  analyst;  and  across  the  G levels.  It  it 
consistent  in  both  value  and  variability  with  a direction  approximately  normol  too  neck  line  f„r  the  neck  up/chin  up 
(NUCU)  initiol  condition.  These  results,  together  e,tt,  absetw*rion  of  photographic  data  have  reinforced  the  idea  that 
for  thete  * Y runt  the  head  rotates  around  a direction  fixed  in  the  laboratory  and  oriented  approximately  normal  to  the 
neck  (in#  defined  between  fh*  7 j anatomical  origin  and  the  head  anatomical  origin.  The  above  result  has  far  reoching 
implications  regarding  the  degrees  of  freedom  required  in  a head  neck  model  for  the  * Y data  base.  <n  model  with  a hinge 
between  the  heod  and  neck  link  _>r  ent*d  as  described  above  and  located  to  best  fit  the  displacement  data  of  fh#  head 
relative  to  T j should  *>#  effec  t,  ,e  in  repiesenting  >he  *Y  dots  bote  Over  much  of  the  angular  travel  of  the  head. 

Finally,  It  it  Important  to  consider  the  effects  cd  Initiol  condition  of  the  head  and  neck  for  vY  experiments,  Pre- 
vious analyst*  of  initial  condition  effect  of  the  > ,>m  angles  head  orientation  and  *he  direction  of  neck  line  relative  to 
the  laboratory  for  the  four  conditions  of  NUCU,  tiTIT,  HTRT  and  MOWN  have  been  prevented  <151. 

Observation*  of  Table  hf where  all  *he  initial  conditions  are  pooled,  indicate  that  a positive  Euler  1 angle  (head  roll 
to  right!  reduces  the  ongufrsr  acceleration  by  9.  7 rad/tec  ’ per  degree  and  the  angulat  velocity  by  0,  22  rad  sec  per  degree. 
Neck  roll  to  the  right,  on  the  other  hand.  Increases  *he  angular  acceleration  and  angular  velocity  by  8, 4 rad  sec^  par 
degree  and  0,18  rad  sec  per  degree  respectively.  Hence, head  tilted  to  the  right  relative  to  the  neck  magnifies  the  de- 
crease in  angular  acceleration  and  angular  velocity.  The  linear  acceleration  at  the  head  anatomical  origin  increases 
with  neck  rail  ta  the  right  (D  73m  see* pt > degreel.  The  head  angular  acceleration  and  velocity  alto  increase  with  in- 
creased neck  pitch  angle  (2,  74  rad/sec‘  pet  degree  and  0,073  rad/sac  per  degree, respectively!.  The  horitontal 
acceleration  at  T|  decreases  with  head  >u‘l  to  the  right  and  increase!  with  neck  tall  ta  the  right. 


\Coeff. 

Variable. 

Const, 
Units  of 

Dep,  Var 

PSA 

m/sec2 

ANXXOS 

m/sec2 

Euler  1 

Deg. 

Neck 

Roll 

Deg. 

Euler  2 

Deg. 

HI 

M’d'DevT 

Units  of 

Dep,  Var, 

Condition 

BeHWSfljj 

112.0 

-3.84 

-9.70 

+8.4 

Insign, 

2.74 

169.0 

All  G levels 
NUCU, 
HTLT,  HTRT, 

RHOOXS 

rod/sec 

7.38 

-0.072 

-0.22 

0.18 

Insign. 

0.073 

3,85 

HDWN 

It 

AAOXOS 

rtv/sec2 

41.1 

-0.33 

Insign. 

0.73 

Insign. 

Insign, 

20.7 

H 

ANXXOS 

Vsec2 

50.7 

-3.51 

— 

-1 .68 

2.84 

Insign, 

Insign, 

53.7 

It 

Table  IV  Linear  Regression  Analysis  of  Initial  Condition  Effect  for  +Y  Experiments 

Figure  13  shows  that  Tj  acceleration  is  minimally  affected.  Figure  14  shows  the  marked  decrease  in  head  angular 
velocity  for  HTRT  condition.  This  Is  the  same  effect  as  for  -X  experiments  which  is  a decrease  in  the  magnitude  of  the  dynamic 
response  when  the  head  and  neck  long  axis  is  initially  aligned  along  the  acceleration  axis.  For  all  conditions,  except  HDWN, 
there  is  a constant  direction  in  the  anatomy  and  laboratory  about  which  the  head  and  neck  rotate.  However,  for  the  HDWN 
condition  such  constant  direction  does  not  exist,  implying  the  need  for  a full  three-dimensional  model. 
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Figure  13  - Average  Horiconfal  Acceleration  at  T ^ for  Various  Initial  Conditions,  5G,  *Y  Experiments 
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Figure  14  - Average  Head  Angular  Velocity  for  Various  Initial  Conditions,  5G,  +Y  Experiments 


CONCLUSIONS 

1.  Peak  head  angular  acceleration,  head  angular  velocity  and  head  linear  acceleration  are  variously  affected  by 
changes  In  peak  sled  acceleration,  duration  and  rate  of  onset  for  -X  and  +Y  experiments. 

2.  These  effects  are  mediated  through  the  peak  and  the  duration  of  linear  acceleration  at  Tj  along  the  laboratory  -X 
axis  (direction  of  accelerator  stroke).  The  T ^ acceleration  explains  the  differences  in  head  amplitude  responses  in  the 
-X  and  +Y  experiments. 

3.  Computations  from  formerly  developed  head/neck  model  for  the  -X  direction  (mid-sagittol  plane  response)  indicate 
the  following: 

(a)  The  model  is  consistent  with  the  data  in  the  relative  effects  of  onset  and  duration. 

(b)  The  model  head  angular  acceleration  correlates  well  with  the  extension  angular  velocity  (head  link  relative  to 
neck  link)  at  the  extension  limit  assumed  in  the  model. 

(c)  Peak  angular  acceleration  should  have  a subject  dependent  parameter  proportional  to  the  square  root  of  the 
product  of  the  head  neck  compliance  and  neck  length  divided  by  the  head  moment  of  inertia.  However,  a method 
of  measuring  neck  compliance,  neck  length  and  head  moment  of  inertia  in  a human  volunteer  has  not  been  satis- 
factorily validated. 
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4.  For  the  +Y  rym , the  head  rotates  around  an  axis  with  a fixed  orientation  in  the  mid-sagittal  plane  approximately 
normal  to  the  neck  line  defined  as  a line  between  the  T|  anatomical  origin  and  the  head  anatomical  origin.  The  varia- 
tion of  this  axis  orientation  with  subject  Initial  condition  will  be  developed  In  future  experimental  studies.  Incorporating 
this  constraint  Into  a +Y  head/neck  model  should  greatly  simplify  modeling  efforts. 

5.  Analysis  of  the  initial  condition  effects  for  -X  and  +Y  experiments  disclosed  on  effect  on  peak  response  related  to 
parameters  of  the  initial  conditions.  Appropriate  regression  models  describe  this  effect  except  for  the  extreme  initial 
conditions  where  the  head  and  neck  long  axis  is  aligned  with  the  acceleration  stroke  axis. 

6.  All  conditions  can  be  approximated  by  a two  dimensional  model,  except  the  head  response  in  +Y  experiments,  head 
down  Initial  condition. 

7.  Despite  inferences  that  anthropomorphic  variables  explain  between  subject  variability,  appropriate  variables  have 
not  been  identified. 

8.  Any  modeling  effort  or  anthropomorphic  dummy  design  and  evaluation  effort  must  reproduce  these  findings  in  order  to 
be  valid. 
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DISCUSSION 


DR.  GILLINGHAM  (USA) 

Did  you  instruct  your  subjects  to  relax  during  the  test,  or  were  they  allowed  to 
brace  themselves  for  the  impact? 

AUTHOR'S  REPLY 

The  only  instructions  given  to  the  subject  is  to  position  themselves  In  their  ini- 
tial conditions,  which  they  can  view  through  a closed  circuit  TV,  which  looks  at 
them  from  the  front  and  the  side.  That's  how  we  maintain  repeatability  of  Initial 
conditions.  There  was  no  effort  to  have  them  either  relax  or  to  brace.  Now  in  the 
use  of  human  volunteer  subjects,  regardless  of  what  you  tell  them,  the  best  you 
can  hope  for  is,  that  they  will  hold  those  initial  conditions,  because  after  the 
first  experiment  they  become  very,  very  experienced.  The  learning  curve  is  prac- 
tically infinitely  fast.  It  Is  a demanding  stressful  situation.  The  subjects  have 
different  approaches  to  how  they  will  handle  themselves  and  how  they  try  to  con- 
dition themselves  to  the  situation.  They  are  very,  very  successful  in  holding  their 
initial  conditions  as  we  can  check  on  repeatability  from  subject  to  subject.  The 
important  point  is  that  regardless  of  what  they're  doing,  the  between  subject  var- 
iability Is  not  very  much.  The  characteristic  shape  of  the  curve  Is  there  on 
every  single  run;  some  amplitude  differences  between  subjects  we  think  may  be  due 
to  anthropometric  variables.  We  see  no  learning  at  all.  The  reason  is  we  start 
them  at  very  low  levels  and  basically  they're  experienced  at  the  second  run  because 
of  the  drama  of  the  event. 

,H.  R.  JEX  (USA) 

1.  The  size  of  the  accelerometer  packages,  and  especially  the  distance  of  its  com- 
ponents from  the  centers  of  rotation  of  the  head  suggests  that  Its  moment-of-inertia 
might  significantly  affect  the  motion  of  the  head,  (a)  What  Is  the  ratio  of  sensor- 
package  inertia  to  isolated  head  inertia  (e.g.,  about  the  ear-hole  axis)?  (b)  How 
does  this  effect  the  data  (e.g.,  could  the  mass  and  inertia  of  the  sensor  package 

be  added  to  Dr.  King’s  model  to  compare  the  calculated  effects?)  (c)  How  are  the 
data  corrected  for  these  effects? 

2.  Within  the  time-to-peak  accelerations  of  the  head  (or  of  maximum  stresses  in 
the  neck  tissues)  is  there  any  evidence  of  active  neuromuscular  control  or  reflexes? 
(not  just  open- loop  neuromuscular  compliance  and  damping) 

AUTHOR'S  REPLY 

1.  We  have  the  weights  on  each  of  these  individual  mounts.  I don't  remember  what 
they  are  off-hand,  but  it  is  about  12-oz.,  as  I recall,  that  Is  the  mounting  sys- 
tems plus  the  accelerometers  plus  the  T plate.  How  much  the  inertia  is  due  to  the 
wires  is  hard  to  speculate.  But  that  is  a constant  relatively  constant  from  subject 
to  subject  so  it  constitutes  a data  base.  There  is  no  way  to  get  the  measurements 
without  adding  something  on.  The  only  way,  to  get  at  that  problem  would  be  to  add 
more  weight  to  see  what  the  effect  is  between  the  low  weight  condition  and  the 
higher  weight  condition.  Then  you  could  extrapolate  back.  But  we  haven't  done  that. 

2.  The  effects  of  the  rate  of  onset  and  changing  the  rate  of  onset  on  the  sled  is 
fairly  complex.  One  of  the  interesting  things  that  happens  is  that  the  difference 
between  high  onset  and  low  onset  for  the  sled  as  reflected  in  the  rate  of  onset  at 
Ti  Is  very  little.  In  other  words  Ti  simply  doesn't  respond  to  any  major  extent 
to  the  input.  I believe  this  has  to  do  with  the  restraint-torso  Interaction.  In 
some  way  you  can  only  drive  this  system  up  to  a certain  rate  of  onset.  This  is  dis- 
cussed somewhat  in  the  paper.  We  don't  see  much  of  an  onset  effect,  but  we  believe 
this  is  because  we  just  can't  drive  it  through  the  Ti. 

DR.  VON  GIERKE  (USA) 

To  what  extent  Is  in  the  Y impact  tests  the  Input  to  Ti  influenced  by  the  restraint 
system?  It  looked  in  the  movies  as  If  a 2-dimensional  response  is  already  to  some 
extent  in  the  upper  torso. 

AUTHOR'S  REPLY 

The  Ti  responses  were  significant  only  along  the  X-axis  regardless  of  whether  it 
was  a Y experiment  or  X experiment.  You  got  primarily  a unidimensional  acceleration. 
The  accelerations  along  the  off  axis  were  very  small  relative  to  that  peak  and  do 
not  improve  the  quality  of  the  regression.  So  essentially,  you  have  a unidirectional 
input  at  T}.  As  far  as  the  restraint  systems  are  concerned  they  have  markedly  dif- 
ferent effects  at  T^. 

DR.  VON  GIERKE  (USA) 

I think  the  input  to  Ti  is  influenced  by  the  dynamics  of  the  upper  torso  below  Tj. 

I assume  this  could  only  be  proven  by  animal  experiments  where  you  would  have  the 
upper  torso  in  a complete  cast  for  example,  but  as  long  as  you  have  deformation  of 
the  spine  below  T^  from  torso  dynamics  you  have  some  Input  into  T^. 
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AUTHOR'S  REPLY 

That's  absolutely  correct.  Not  only  Is  the  Input  to  T^  dependent  upon  the  chest, 

It  Is  dependent  upon  the  restraint  system  Itself.  And  we  didn't  know  what  we 
would  get  at  Ti  at  any  given  experiment.  That  Is  why  we  used  T^  as  the  basic  Input 
to  the  head.  Because  we  couldn't  predict  what  would  go  Into  the  head  without  that 
Ti  data. 

DR.  MEIER-DORNBERG  (GERMANY) 

Why  are  the  Input  sled  histories  only  varied  in  such  a small  range?  e.g.,  velocity 
range  1:4;  rise  time  1:2.  It  doesn't  cover  enough  "decades"  as  to  establish  ISO- 
tolerance  limits  or  tolerance  (comfort)  criteria.  Why  does  the  evaluation  only 
tend  to  produce  response  histories  to  special  input  motions?  More  interesting  are 
the  limits  of  tolerance  inputs  which  meet  a specified  criterion  (tolerable  response 
value). 

AUTHOR'S  REPLY 

(Requested  first  slide)  There  is  a marked  difference  in  duration  of  the  accelera- 
tion pulse.  There  is  a difference  in  the  rate  of  onset  between  the  two  curves  of 
approximately  2 to  1.  At  the  present  time  that's  a constraint  in  the  particular 
accelerator  pin  combination  that  we  have  at  the  laboratory.  This  can  be  modified. 
You  can  go  to  triangular  pulses  or  whatever,  but  for  this  series  the  constraint  was 
taken  as  the  widest  dispersion  we  could  get  with  the  particular  pin  and  a particu- 
lar sled  acceleration.  That  was  the  only  reason  for  that  limitation,  but  it  is  a 
factor  of  2 to  1 variation.  But  it  is  not  a restriction;  we  can  do  other  experi- 
ments. 
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SUMMARY 

The  Naval  Aerospace  Medical  Research  Laboratory  Detachment  (NAMRLD),  New  Orleans,  Louisiana  has  been  engaged 
in  impact  acceleration  research  utilizing  normal  human  volunteer  subjects  since  1974,  Of  1*282  human  impact  experiments, 
923  have  been  completed  using  electrocardiographic  monitoring.  Four  episodes  of  transient  intraventricular  conduction 
disturbances  have  been  observed.  Details  of  these  events  arc  presented  and  discussed  relative  fa  previous  clinical  and  experi- 
mental investigations. 


INTRODUCTION 


Unexpected  instances  of  transient  intraventricular  conduction  defects  in  trauma  victims  have  been  noted  occasionally  over 
the  past  three  decades  when  electrocardiograms  were  obtained  after  injury.  Most  of  these  conduction  defects  were  associated 
with  severe,  nonpanatrati ng  trauma,  noi  only  to  the  heart,  but  also  to  the  thorax  and  other  region*  (1,2,3).  A few  of  the 
reported  episodes  were  not  associated  with  other  known  injuries  but  represented  isolated  cardiac  conduction  disturbances 
following  blunt  chest  trauma  (4,5).  During  923  experiments  conducted  at  NAMRLD,  four  episode*  of  transient  bundle  branch 
block  were  observed  following  the  exposure  of  human  volunteer  subjects  to  Impact  acceleration. 

The  principal  research  activity  of  NAMRLD  it  the  investigation  of  the  biodynamici  of  impact  acceleration.  A 
sophisticated  impact  acceleration  bioengineering  research  facility  has  been  built  and  professionally  staffed.  This  research 
effort  utilizes  human  subjects  and  tubhumon  primates,  and  not  been  in  progress  since  1974.  Electrocardiographic  monitoring 
of  the  experimental  subjecti  it  on  integral,  essential  component  of  the  research  Investigations.  The  goal  of  the  research  is  the 
representation  of  the  dynamic  response  of  the  human  head,  neck,  and  torso  to  impact  acceleration  by  a mathematical  model 
derived  from  an  analysis  of,  and  validated  by,  human  dynamic  response  data. 

MATERIALS  AND  METHODS 

A.  The  Human  Subjects  - The  volunteer  human  research  subjects  or#  racrulted,  evaluated  and  undergo  experimentation 
in  strict  accordance  with  procedures  specified  by  the  Secretary  of  the  Navy,  la  addition,  the  experiments  are  approved  by 
the  Protection  of  Human  Subjects  Committee  of  the  Naval  Aerospace  and  Regional  Medical  Center,  Pensacola,  Florida,  as 
repaired  by  the  United  States  Navy,  Bureau  of  Medicine  and  Surgery,  Each  volunteer  subject  is  fully  informed  regording  the 
nature  and  risks  of  the  experiments.  Because  of  their  performance  at  experimental  subjects  utilized  in  experimental  acceleration 
or  deceleration  devices,  they  are  entitled  to  hazardous  duty  pay.  Before  being  accepted,  a prospective  experimental  subject 
must  unde'go  a detailed  evaluation.  The  qualification  standards  applied  to  the  volunteers  are  mare  stringent  than  the  normal 
medical  qualification  standards  for  military  service  or  even  for  other  cotegorlet  of  experimental  stress  duty.  The  medical 
examined)  an  is  designed  to  uneovor  the  most  likely  physical  defects  and  abnormalities  prevalent  in  a young  adult  mole  popula- 
tion. The  determination  of  existing  defects,  abnormollties,  end  physiological  status  establishes  the  baseline  condition  to  which 
all  subsequent  examinations  are  referred,  A subject  with  any  defect  which  increases  the  risk  of  experimentation  to  hiir  as 
compared  to  a subject  without  the  defect  Is  considered  disqualified. 

This  multidisciplinary  examination  employs  specialists  In  cardiology,  orthopedics,  radiology,  neurology,  dentistry, 
ophthalmology,  otolaryngology,  psychiatry,  clinical  psychology,  acoustical  physiology,  vastlbulor  physiology,  physiological 
optics,  and  other  specialty  areas  as  required  In  individual  cases.  The  primary  exam* notion,  performed  by  the  cardiologist, 
consists  of  a general  medical  history  with  system  review;  a complete  physical  examination;  a standard  12-lead  electrocardiogram 
with  the  subject  fasting  and  resting;  a graded  maximum  stress  test  utilizing  the  Irsiee  protocol  (6);  a Frank  vectorcardiogram 
^CG)  (7), pulmonary  ventilation  studies;  echocardiogram  If  a murmur  Is  found,  an  SMA-19  blood  biochemical  profile,  a hemo- 
gram with  coagulation  studies;  and  a urinalysis,  A complete  dental  evaluation  with  ful*  mouth  x-rays  Is  performed  in  order  fa 
ascertain  the  adequacy  of  dental  support  far  the  specialised  stainless  steel  maxillary  mouth  mount  used  to  collect  acceleration 
data  during  fha  axparlmanfs.  Ta  scraan  far  latent  seizure  activity,  a baseline  electroencephalogram  Is  obtained  and  interprets^ 
by  a neurologist.  Visual  acuity  tasting,  manifest  refraction,  tanomoby  In  indicated  subjects,  visual  field  mopping,  and  fundus 
photography  are  done  under  the  supervision  of  an  ophthalmologist,  (or,  nose,  end  throat  evaluation.  Including  indirect 
laryngoscopy.  Is  done  by  an  otolaryngologist.  Following  the  ear , nose,  end  threat  evaluation  and  aflat  the  cleansing  of  *h# 
external  auditory  canals,  a date  I led  audlometrlc  evaluation  Is  obtained  , A comprehensive  musculoskeletal  evaluation  including 
review  of  skul and  complete  spine  x-rays  Is  performed  by  an  orthopedic  jean,  those  x-rayt,  and  anterior  -posterior  and 
lateral  chest  x-rays  ora  reviewed  by  a radiologist.  Extant) va  tasting  and  Interviewing  are  dene  by  the  clinical  psychologist  and 
psychiatrist.  Detailed  evaluation  of  the  vestibular  rystem  Is  performed  by  utilizing#  variety  of  specialized  examinations 
developed  by  the  Navel  Aerospace  Medical  Research  Laboratory  (NAMRl),  Fensecefe  Florida,  the  data  ham  this  series  at 


medical  evaluations  are  reviewed  by  the  NAMRID  medical  staff,  and  each  abnormality  Is  carefully  considered.  The 
significance  of  each  abnormality  with  regard  to  the  fitness  of  each  prospective  volunteer  is  carefully  judged.  Only  those 
volunteers  considered  not  to  be  at  excess  risk  are  then  permitted  to  become  experimental  subjects.  Of  all  those  who  initially 
express  an  interest  in  the  research  program,  only  about  5%  a*e  actually  chosen  (8). 

3.  The  Accelerator  - The  impact  experiments  are  conducted  on  a 20,000  kilopascol  (3,000  psi),  1,000,000  newton 
(255,000  lb)  thrust,  nitrogen  gas  powered  horizontal  linear  accelerator.  The  accelerator  consists  of  a gas  operated  piston 
which  pushes  against  the  sled,  a movable  platform,  which  rests  upon  two  parallel  machined  steel  flat  rails  213m  long.  During 
an  experiment,  the  volunteer  subject  is  seated  in  an  adjustable  chair  and  fitted  with  a lap  belt-inverted  V pelvic  restraint  and 
a bilateral  shoulder  harness  restraint.  A loosely  fitting  chest  safety  strap  Is  also  employed.  The  restraint  system  is  progressively 
tightened  during  ihe  pre-run  preparation  phase  in  order  to  minimize  unwanted  movement  by  the  subject  during  impact.  However, 
the  head  and  neck  are  unrestrained.  In  addition  to  the  chair,  the  sled  also  carries  inertial  and  physiologic  instrumentation, 
signal  conditioning  amplifiers,  several  high  speed  cine  cameras  for  photographic  data  collection,  and  an  arruy  of  high  intensity 
lights.  Acceleration-time  data  collected  from  accelerometer  packages  focoted  at  the  mouth  and  the  posterior  spinous  process 
of  the  first  thoracic  vertebra,  are  processed  by  a hybrid  computer  system  and  permanently  stored  on  digital  magnetic  tape  which 
is  used  for  computerized  data  analysis. 

C.  The  Physiologic  Data  Collection  System  - The  physiologic  data  collection  system  utilizes  an  eight-electrode  harness, 
signal  conditioning  ampTifiers,^n  FM  transmitter -receiver  telemetry  package,  an  instrumentation  quality  analog  magnetic  tape 
recorder,  a pen  recorder,  and  oscilloscope  monitors.  The  frequency  response  of  the  entire  system  is  flat  from  0. 1 Hz  to  80  Hz, 
down  4 dB  at  0.05  Hz  and  down  1 dB  at  100  Hz.  Signal  to  noise  ratio  on  tape  is  55  dB  and  80  d8  on  the  pen  recorder. 

Although  the  electrode  placement  is  in  accordance  with  the  system  described  by  Frank,  slight  modifications  have  been  made 
to  accommodate  the  anatomic  mount  placed  at  the  first  thoracic  vertebra.  Elect.odes  at  locations  I,  E,  C,  A,  and  M have  been 
placeo  in  agreement  with  Frank.  H has  been  shifted  from  the  posterior  neck  to  the  spinous  process  of  the  third  thoracic  vertebra, 
lead  F has  been  shifted  from  the  left  leg  to  the  midline  of  the  mid-sacrum.  The  common  reference  electrode  (ground)  has  been 
shifted  from  th*s  right  leg  to  the  left  iliac  crest  (figure  1).  The  electrodes  ore  of  the  active  variety.  The  skin  is  prepared  by 
vigo*ous  scrubbing  with  an  acetone  moistened  sponge.  The  electrode  surface  is  sparingly  coated  with  a conductive  cream  and 
the  electrode  is  placed  in  the  proper  anatomic  location  The  electrode,  along  with  o loop  of  wire  to  provide  strain  relief,  is 
covered  with  an  adhesive  backed  pad.  The  ?nd‘viduof  electrode  wire  leads  are  cabled  together  and  a*tached  to  the  sled 
mounted  amplifier  *FM  transmitter  package  by  a single  connector.  The  transmitting  ontenn  * is  sled  mounted  and  located 
approximately  6 cm  from  the  receiving  antenna  which  runs  the  entire  length  of  the  track  The  received  FM  multiplex  signal 
is  conducted  by  shielded  coble  to  the  control  room  where  the  electrocardiographic  data  are  appropriately  demodulated  and 
stored  on  analog  magnetic  tape.  The  three  VCG  channels  are  also  written  out  by  a pen  recorder  and  displayed  on  oscilloscope 
monitors. 

The  vectorcardiographic  data  are  collected  within  an  anafcmic  coordinate  system  bosed  on  the  three -axis  Cartesian  system 
utilizing  the  right  hand  rule.  This  system  was  chosen  to  assure  conformity  with  the  other  laboratory  coordinate  systems.  The 
anterior -posterior  lead  pair  is  termed  X,  the  left-right  pair  is  termed  Y,  and  the  superior -inferior  pair  is  termed  Z.  Anterior, 
left,  ond  superior  are  positive  in  polarity.  Therefore,  the  NAMRID  channels  X,Y.2  correspond  to  Frank  -Z,X,~Y  and 
approximate  the  standard  leads  V2,l,-aVf  respectively  figure  2). 

D.  Experimental  Protocol  end  Procedure  - Each  subjoct  is  informed  one  day  in  advance  of  his  scheduled  run.  On  the  day 
of  the  experiment,  eacFT suBJecFTsTnterviewed  by  the  physician  assigned  to  monitor  the  experiment.  The  interview  consists  of 
a standardized  review  of  systems  and  a review  of  any  medical  problems  that  may  have  occurred  since  the  subject's  last  impact 
exposure.  The  results  of  the  interview  are  entered  on  a coded  form  which  is  later  processed  for  automated  data  retrieval. 
Following  the  history  taking,  a physical  examination  including  urinalysis  is  performed  ond  recorded  on  a separate  coded  form. 
The  use  of  these  checklist  forms  serves  two  purposes:  1}  to  assure  uniformity  and  completeness  by  different  staff  physicians  and 
2)  to  facilitate  automatic  data  processing.  Upon  completion  of  the  Impact  experiment,  a post -experiment  history  and  a physic  jf 
are  obtained  in  similar  manner.  Therefore,  each  subject  is  under  continuous  medical  surveillance  before,  during,  ond  after 
every  exposure  to  impact. 

Following  the  pre-txperimen*  physical  examination,  the  qualified  subject  is  fitted  with  electrodes  if  electrocardiographic 
data  collection  Is  planned.  Such  collecrlon  has  been  routine  on  all  acceleration  exposures  in  the  ~X  vector  at  or  above 
HOm/t?  (11G).  Sint*  1 976,  with  the  beginning  of  lateral  impact  acceleration  experiment,  in  the  1 Y vector,  the  VCG  bar 
been  obtained  On  all  *xp*rim#nti.  Th*  tubject  walk*  to  th*  tied,  the  r«*traint  *y*tem  it  fitted,  and  the  anatomic  maurttt  are 
applied,  A boteline  VCG  >*  recorded  for  2 minutei  with  th#  tubject  fytly  retrained  Immediately  preceding  the  experimental 
expotute  to  Impact  acceleration,  Th#  immediate  post-impact  VCG  data  collection  period  r ommencet  with  th#  impact  drake 
and  lattt  3 mlnufet,  Th#  tubject  It  then  releated  from  th#  rettraintt,  and  the  anatomic  maunft  and  the  attociated  inertial 
imfrumentattOrt  or#  removed,  Th#  tubject  remcrint  tested  while  th#  tied  i*  returned  to  it*  starting  point  on  (He  track , and  a 
second  3-mrnyt#  potf -experimental  VCG  it  obtained.  Afterwords , th#  subject  it  escorted  from  th#  tied  and  undergo#!  the  post- 
run  examination  by  the  phyti clan  monitor.  The  entire  experimental  protocol  for  the  tubject  loth  15  minytet  and  approximately 
8 minutes  of  electrocardiographic  do  i are  obtained, 

A phytlcion  it  present  during  th#  entire  experimental  sequence.  He  hat  the  tale  responsibility  for  the  health  and  tafety  of 
th#  human  tubject  and  consequently  hot  th#  authority  to  terminate  any  experiment  at  any  time  and  for  any  teuton.  Both  the 
volunteer  tubject  and  the  medical  monitor  hove  chart  device*.  Thete  twitches  mutt  be  kept  elated  continueutly  at  else  the 
experimental  sequence  will  automatically  be  halted.  Otcillotcope  monitors  provide  a rorstinuou*  display  of  the  VCG,  A hurd 
copy  of  the  VCG  It  provided  by  the  pen  recorder,  and  It  reviewed  by  the  medical  monitor  Immediately  after  the  experiment, 
Thete  record*  ore  alto  reviewed  on  a routine  basis  by  an  internist.  Immediate  review  bv  the  internet  may  be  requested  if 
abnormalities  ore  suspected  during  the  initial  review, 
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Subject  hav*  b«en  exposed  to  peak  sled  impact  accelerations  ranging  from  30  m '%£  to  150  m %£  (3  to  15GI  to  date.  The 
majority  of  experiments  have  been  conducted  with  the  accelerator  mechanicady  configured  to  produce,  at  any  chosen  peak 
sled  acceleration  level,  the  maximum  duration  at  that  peak  measured  as  the  time  above  75°a  of  peak,  about  TOO  milliseconds, 
and  the  maximum  possible  rate  of  onset  of  acceleration  to  reach  that  peak  The  rate  of  onset  varies  with  the  peak  sled 
acceleration  and  ranges  from  approximately  3, (XX)  m ,3  (300  G s'  to  20,o00  m/*3  (2,000  G s'.  Other  configurations  are 
possible  and  have  been  used  in  selected  experiments. 

Over  the  past  4 years,  651  human  impact  experiments  at  the  NAMRLD  have  been  conducted  in  the  -X  vector,  that  is, 
the  acceleration  is  transmitted  chest -fo-back  with  the  subject  seated  in  the  sled  mounted  choir  facing  opposite  the  direction  of 
sled  travel.  At  the  time  of  impact,  the  unrestrained  head  and  neck  are  forced  towards  the  chest  as  the  sled  is  pushed  away  by 
the  accelerator  piston.  The  test  acceleration  from  onset  to  offset  is  of  short  duration,  about  250  milliseconds,  and  is  initially 
applied  to  the  sled  at  rest.  At  the  end  of  the  applied  acceleration  stroke,  the  sled  coasts  too  gradual  stop  under  a constant 
drag  of  2.5  m s"  (0.25G'.  End  stroke  velocities  of  17.5  m s (40  mph'  with  a total  travel  of  55  m were  achieved  for  150  m s ^ 
<15G'  sled  peak  acceleration,  the  highest  human  impact  levels  administered  of  this  facility.  In  addition  to  the  -X  vector 
experiments,  318  lateral  impact  experiments  in  the  * V vector  have  been  conducted  since  1976.  In  the  lY  experiments,  the 
acceleration  is  transmitted  from  right  to  left,  and  the  unrestrained  head  and  neck  move  towards  the  right  shoulder, 

RESULTS 

From  January  1974  until  21  February  1978  , 923  impact  acceleration  experiments  utilising  human  volunteers  with  electro- 
cardiographic monitoring  have  been  conducted  This  represents  72°i»  of  the  ! 282  inertially  instrumented  human  impact 
experiments  conducted  ot  NAMRLD  during  this  period.  Out  of  550  inertially  Instrumented  -X  impact  experiments,  194  (35^1 
have  been  monitored  with  the  VCG , and  729  out  of  732  inertially  instrumented  *Y  impact  experiments  (99 have  been 
similarly  monitored.  Three  instonces  of  clearly  identifiable  right  bundle  branch  black  and  a solitary  instance  of  an  incomplete 
left  bundle  branch  block  have  been  observed.  One  right  bundle  branch  block  was  seen  in  a *Y  impact  experiment,  the  rest 
were  seen  in  the  -X  experiments.  The  duration  of  the  conduction  disturbances  ranged  from  2 to  10  complexes  1.5  to  6 seconds, 
and  were  recorded  on  at  least  two  of  the  three  VCG  channels.  The  first  three  episodes,  that  is, the  tworight  bundle  branch 
blocks  and  the  solitary  left  ventricular  conduction  delay,  occurred  with  the  accelerator  configured  for  the  maximum  rote  of 
onset  of  acceleration  and  the  maximum  duration  at  the  peak  acceleration  in  the  -X  vector  direction.  The  final  episode  ot 
right  bundle  brooch  block  occurred  in  the  *Y  vector  in  a 100  m s*  (10GI  high  rate  of  onset,  short  duration  accelerator  configu- 
ration. 

In  addition  to  these  three  episodes  deeply  identified  as  right  bundle  branch  block,  there  have  been  42  other  instances  of 
single  complexes  resembling  right  bundle  branch  block  recorded  immediately  after  the  impact  stroke.  These  latter  instonces 
could  not  be  defined  wifh  certainty  because  differentiation  from  solitary  premature  ventricular  contractions  with  a right  bundle 
branch  block  pattern  was  impassible.  Several  episodes  of  transient  right  bundle  branch  block  hove  been  recently  observed  in  a 
chimpanzee  following  *Y  lateral  imp  ct  acceleration  exposures  at  levels  comparable  to  the  human  exposures  conducted  at  this 
facility.  Similarly,  right  bundle  branch  block  has  been  observed  in  a rhesus  monkey  undergoing  -X  accelerations  at  quite  high 
levels.  These  observations  in  the  subhuman  primate  have  not  yet  been  reported. 

The  first  episode  of  transient  right  bundle  branch  block  was  observed  in  Subject  3J.  The  acceleration  parameters  are  shown 
in  Table  I.  The  VCG  is  shown  in  Figure  3.  The  Y channel  presents  the  most  clearly  Identifiable  complexes,  characteristic  of 
right  bundle  branch  block.  Channels  X and  Z confirm  the  diagnosis.  The  conduction  delay  persisted  far  2 seconds  following 
Impact  and  involved  four  complexes.  The  electrocardiogram  then  returned  to  the  pre-impact  baseline  pattern  A premature 
atrial  contraction  was  seen  following  the  right  bundle  branch  block  complexes,  similar  premature  contractions  were  also  evident 
In  the  baseline  period  Immediately  preceding  the  impact  event.  The  subject  hod  no  symptoms  referable  to  the  cardiovascular 
system  and  noted  nothing  unusual  about  this  experiment.  This  subject  had  participated  in  19  experiments  during  the  prior 
6 months  and  had  previosrtly  experienced  accelerations  up  to  103  m *?  (10G1  without  incident. 

Because  of  the  conduction  disturbance,  serial  I?  lead  electrocardiograms  were  taken  daily  far  the  next  3 stays.  These  were 
normal  and  unchanged  in  comparison  with  his  qualification  elect  ocardiogram.  The  subject  wat  referred  to  NAMRl  . Pensacola, 
Florida,  where  he  was  fully  reevsriluafed  7 weeks  later.  He  remained  asymptomatic  during  the  Internal.  The  reevaluation 
examination  was  iderstlcal  to  his  initial  quolitico'lon  eordiosxiscular  examination  but  alto  included  echocardiography  which  hod 
previocrsly  not  been  available  No  evidence  of  cardiac  pathology  was  found.  The  subject  wot  advised  at  the  examination 
results,  and  with  the  concurrence  of  the  medicof  staffs,  chase  to  continue  in  the  experimental  protocol.  After  returning  to  the 
experimental  impact  program,  he  s.jbsequerrly  underwent  16  acceleration  exposures  doming  the  next  9 month*.  Mis  highest  peak 
sled  acceleration  level  was  150,  2 m t^  (15G'  and  no  cardiac  obnosmaMtles  were  detected  dseing  any  of  the  16  experiments. 
After  a total  of  16  nxsnths  In  the  impact  program,  he  was  transferred  to  another  assignment  to  continue  his  naval  career. 

The  second  epliude  of  transient  right  bundle  branch  block  *ut  observed  In  5 ubject  50  The  acceleration  parometes*  are  In 
Table  I . The  VCG  Is  shown  In  Figure  4.  The  Y channel  again  presents  the  clearest  Identifiable  complexes,  chara-  tei Istlc  c*f 
right  bundle  branch  block . The  complexes  which  can  be  identified  in  the  X channel  confirm  the  sfiognotls.  In  this  instance, 
the  conduction  delay  persisted  lor  approximately  6 seconds  and  included  10  complexes,  A normal  sinus  mechanism  was  present 
with  a rate  of  130  beats  per  minute.  Unlike  the  previous  episode  of  right  bundle  branch  block , the  return  ut  ,*  normal  intra- 
ventricular conduction  mechanism  took  place  Over  two  or  three  completes  rather  than  Immediately  returning  to  the  baseline 
pattern.  At  In  the  previous  cote,  this  subject  remained  Otympfamallc  and  noted  nothing  unusual  about  the  run.  His  previous 
Impact  experience  extended  over  8 months  and  Included  nine  espetlmental  exposures  up  to  99  8 m s*  ( 1 0G v.  A standard 
12  lead  electrocardiogram  wot  obtained  2 hours  past  Impact,  This  fracing  revealed  minim*!  5T  segment  elevation  in  the 
anterior  preeatdlal  leads.  The  consulting  Internist  recommended  immediate  h,stpl  tall  ration,  and  the  subject  w<ts  admitted  to  it 
coronary  core  unit  in  New  Orleans,  He  wat  closely  -lbserved  Over  the  next  72  hours.  SetM  elect»cscardi,sgtams  demonstrated 
that  the  initial  5F  and  f wav#  abn.wr.sal(tlet  gradually  returned  to  normal , Catdiet  enzyme  analysis  did  no»  reveal  any 
significant  thanga,  however  creatine  photphafcinase  Itaenryme  analysis  was  not  assailable.  No  treatment  other  than  bed  rest 
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was  employed.  On  the  third  post-impact  day,  he  was  transferred  to  the  Naval  Hospital , Pensacola,  Florida,  for  further 
observation.  Normal  electrocardiograms  were  obtained  on  several  occasions.  The  subject  was  discharged  after  14  days  to 
limited  activity  and  with  a diagnosis  of  cardiac  contusion.  Three  months  later,  he  was  returned  to  NAMRL,  Pensacola, 
Florida,  and  a complete  reevaluation  was  performed.  This  study  included  standard  and  vector  electrocardiography,  the  Bruce 
graded  stress  test,  and  echocardiography.  All  results  of  these  studies  were  normal  and  unchanged  in  comparison  with  his  initial 
qualification  examination.  After  this  reevaluation,  he  was  assigned  to  unlimited  duty  in  the  U,  S.  Navy,  but  was  not  permitted 
to  return  to  an  active  experimental  subject  status.  His  total  impact  acceleration  experience  consisted  of  10  experiments . 

The  third  observed  intraventricular  conduction  defect  occurred  in  Subject  42.  The  acceleration  parameters  are  in  Table  I, 
The  VCG  is  shown  In  Figure  5,  The  first  Identifiable  complexes  post  impact  are  seen  only  in  the  X ond  Y channels.  The 
Z channel  was  not  satisfactorily  recorded.  In  the  X channel , the  S wave  deepens  with  an  associated  loss  of  the  S wave  in  the 
Y channel.  There  is  a slight  prolongation  of  the  GRS  Interval,  Definite  changes  In  the  ST  segment  and  in  the  T wave  are 
demonstrated.  Even  though  these  changes  suggest  the  diagnosis  of  a left  anterior  heml-block,  the  initial  evaluation  of  the  VCG 
did  not  yield  the  proper  identification.  Again,  the  subject  remained  asymptomatic  and  did  not  notice  anything  unusual  about 
the  run.  He  was  exposed  to  a 130,4  m/s^  (13G)  impact  experiment  the  following  day  without  any  Identifiable  change  in  the 
VCG.  Two  weeks  later  during  a routine  review  of  the  VCG,  the  internist  made  the  correct  diagnosis.  A review  of  the  VCG 
which  was  taken  on  the  day  after  the  incomplete  bundle  branch  block  occurred,  suggested  that  no  significant  lasting  change 
occurred.  The  subject's  prior  experience  encompassed  23  impact  exposures  over  9 months,  with  a maximum  sled  peak  accelera- 
tion of  114.2  m/s^  (11G).  He  was  exposed  an  additional  five  times  in  the  next  4 weeks  to  impact  with  the  highest  peak  sled 
acceleration  of  152.  1 m/s^  (15G)  with  no  abnormalities  noted  on  the  VCG.  After  1 year  in  the  impact  program,  he  departed 
to  continue  his  naval  career  elsewhere. 

The  last  observed  right  bundle  branch  block  occurred  in  Subject  81  during  a +Y  lateral  impact  experiment.  The  accelera- 
tion parameters  are  in  Table  I.  Note  that  in  this  experiment  both  the  vector  and  the  accelerator  configuration  were  different 
from  those  in  the  other  three  episodes.  The  VCG  is  shown  in  Figure  6.  All  three  channels  were  adequately  recorded, 
however,  the  bundle  branch  block  is  best  demonstrated  in  channels  X and  Y.  The  two  complexes  that  immediately  follow 
impact  clearly  show  the  right  bundle  branch  block.  The  return  to  normal  is  abrupt.  Like  all  the  others,  this  subject  was 
entirely  asymptomatic.  Serial  post-experiment  12  lead  electrocardiograms  were  normal  and  unchanged  compared  to  his 
qualification  electrocardiogram.  Unlike  the  earlier  three  cases,  creatine  phosphokinase  isoenzyme  determinations  were  done 
twice  - one  set  immediately  after  the  post-experiment  physical  examination,  ond  the  second  set  18  hours  later.  No  change  was 
noted  in  the  second  set  compared  to  the  first  "control"  set.  Prior  to  the  right  bundle  branch  block  episode  this  subject  had 
experienced  21  impact  experiments  including  both  one  10G  and  one  11G  experiment  with  the  same  accelerator  profile,  i.e.  , 
high  rate  of  onset  and  short  duration  at  peak.  Subsequent  to  the  intraventricular  conduction  defect  episode.  Subject  81  was 
exposed  to  a total  of  15  additional  lateral  impact  experiments  with  no  recurrence  of  the  bundle  branch  block. 

DISCUSSION  AND  CONCLUSION 

Although  nonpenetrating  cardiac  lesions  have  been  recognized  for  a long  time,  recently  more  attention  has  been  focused 
on  the  frequency  of  cardiac  trauma  caused  by  blunt  injury.  A substantial  variety  of  injuries  may  result,  ranging  from  electro- 
physiologic  disturbances  to  chamber  rupture  (9,10).  In  1937,  Kissane,  Fidler,  and  Koons  observed  transient  bundle  branch 
blocks  in  dogs  which  underwent  experimental  blunt  chest  trauma  (11).  In  1958,  Louhimo  utilized  calibrated  weights  to  produce 
blunt  chest  trauma  in  rabbits,  and  demonstrated,  among  other  cardiac  disturbances,  transient  intraventricular  conduction 
defects  (12).  Several  clinicians  have  reported  episodes  of  bundle  branch  block  of  a transitory  nature  following  o variety  of 
impact  events  (1,3,5).  It  is  difficult  to  compare  our  observations  with  previous  research  since  in  our  experiments  there  was  no 
direct  blow  to  the  chest.  Stapp  and  Taylor  (Personal  Communication)  conducted  impact  acceleration  experiments  with  human 
volunteer  subjects  in  1963  at  Holloman  Air  Force  Base,  New  Mexico  and  observed  no  evidence  of  intraventricular  conduction 
disturbances  despite  continuous  cardiac  monitoring.  The  conduction  abnormalities  presented  here  represent  events  recorded 
during  experimental  human  exposures  to  impact  accelerations  wherein  the  acceleration  applied  to  the  subject  as  measured  at 
the  first  thoracic  vertebra  is  known  precisely.  These  forces  are  thought  to  be  well  within  human  impact  tolerance  levels. 

The  etiology  of  the  intraventricular  conduction  defects  reported  here  is  unknown.  The  volunteer  subjects  in  each  of  these 
four  cases  had  a normal  cardiovascular  system  prior  to  impact,  ond  there  is  no  evidence  to  suggest  any  permanent  functional 
changes  related  to  the  impact.  Increased  right  ventricular  chamber  pressure  coincidental  with  the  acceleration  stroke  is  a 
possible  mechanism,  but  would  not  explain  the  left  ventricular  conduction  abnormality  nor  changes  suggestive  of  myocardial 
contusion.  In  the  last  case  especially,  the  subject  had  been  exposed  to  virtually  identical  acceleration  profiles  almost  one 
month  prior  to  the  one  in  which  the  conduction  defect  was  observed.  Although  the  numbers  are  too  small  to  be  statistically 
significant,  three  conduction  defects  have  been  ,een  in  194  -X  impact  experiments  but  only  one  has  been  seen  in  729  *Y  lateral 
impact  experiments,  suggesting  a possible  vector  dependency. 

In  the  animal  experiments  referred  to  earlier,  right  bundle  branch  block  was  produced  in  a chimpanzee  exposed  to  *Y 
lateral  impact  each  and  every  time  he  was  accelerated  to  and  above  120  m/s^  (12G).  This  same  animal  subject  did  not  show 
any  intraventricular  conduction  disturbances  when  subjected  to  -Y  impact  at  similar  levels,  further  suggesting  vector 
dependency. 

In  a clinical  setting,  the  detection  of  an  Isolated  asymptomatic  intraventricular  conduction  defect  following  blunt  chest 
trauma  is  rarely,  if  ever,  seen.  In  reviewing  the  available  literature  regarding  transient  conduction  defects,  all  patients  hcd 
either  obvious  physical  findings  or  were  symptomatic  to  suggest  the  ordering  of  on  electrocardiogram.  Many  persons  who  remain 
asymptomatic  after  exposure  to  forces  similar  to  those  reported  here  will  not  consult  a physician,  and  therefore,  if  a conduction 
defect  or  other  electrocardiographic  changes  are  transiently  present,  they  will  not  be  discovered.  The  experimental  setting 
described  in  this  report  offers  a unique  opportunity  for  studying  such  fleeting  abnormalities. 
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The  chimpanzee  i$  an  excellent  human  surrogate  in  which  to  observe  impoct -Induced  electrocardiographic  changes,  and 
future  experiments  have  been  planned  in  an  eftort  to  define  the  causative  mechanisms  involved.  The  important  questions  are: 

It  Is  right  bundle  branch  block  related  in  a dose  response  way  to  the  acceleration  applied  to  the  subject,  and  2Hs  right  bundle 
branch  block  premonitory  of  additional  problems  of  a higher  level,  i.e. , permanent  block?  Therefore,  by  utilizing  the 
subhuman  primate,  it  should  be  passible  to  develop  a predictive  injury  riodel  and  to  delineate  the  natural  history  of  impact- 
induced  intraventricular  conduction  defects, 
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Figure  3 Right  Bundle  Branch  Block  - Subject  35 


Figure  4 Right  Bundle  Branch  Black  - Subject  50 


Figure  5 Incomplete  Left  Bundle  Branch  Block  - Subject  42 


Figwe  6 Right  Bundle  Branch  Blech  - Subject  81 
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DISCUSSION 


COL.  C.  KNAPP  (USA) 

Have  you  tried  to  correlate  this  finding  with  anyone  that  has  ever  had  significant 
chest  trauma  or  has  been  restrained  in  say  an  aircraft  or  vehicular  accident? 
Looking  for  heml-block  or  development  of  acquired  right  bundle  branch  block? 

AUTHOR'S  REPLY 

The  literature  review  on  the  subject  that  you're  alluding  to  Is  included  In  the 
paper.  There  is,  in  the  medical  literature  very  little  information  that  relates  to 
this  observation.  If  you  review  the  literature  about  myocardial-contusion  the 
statement  is  present  that  myocardial-contusion  does  not  exist  in  the  asymptomatic 
patient  and  we  have  seen  it  here  In  the  totally  asymptomatic  patient.  There's 
some  work  that  was  produced  out  of  Tulane  University  (Ref.  1)  that  pointed  to  the 
incidence  in  clinical  practice  of  myocardial  damage  in  automobile  accidents. 

COL.  C.  KNAPP  (USA) 

One  last  question:  Will  you  be  monitoring  these  subjects  for  any  period  of  time 
epidemiologically  to  see  If  ten  years  from  now  they  developed  anything? 

AUTHOR'S  REPLY 

V(e  hope  to, 

DR.  D.  THOMAS  (USA) 

I've  one  point  of  clarification  with  regard  to  the  monitoring  of  people  Tor  a long 
time.  The  only  subject  that  we  have  had  the  opportunity  to  follow  for  a long  time 
period  after  exposure  to  impact  acceleration  experiments  Is  Dr.  J.  P.  Stapp.  Hav- 
ing sustained  far  more  acceleration  than  we  could  ever  expose  our  subjects  to  - I 
think  he  had  over  20  high  g exposures,  one  as  high  as  AO  g's  - he  has  been  exten- 
sively evaluated  by  Dr.  Mitchell  at  Pensacola,  Plorida,  and  is  in  good  health. 

Other  than  that  his  gourmet  habits  have  added  to  his  girth,  he  is  a very  healthy, 
alert  and  productive  Individual.  He  la  over  65  years  of  age  now.  No  evidence  of 
myocardial  problems  at  all. 


PRICSCsIMJ  FifiS  ULMX, 


* 


• * 
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SIMULATION  OF  HEAD  AND  NECK  RESPONSE  TO 
-G  AND  +CZ  IMPACTS 


by 

A.  I.  King,  S.  S.  Nakhla  and  N.  K.  Mital 

Wayne  State  University 
Bioengineering  Center 
Detroit,  Michigan  48202 
U.S.A, 


SUMMARY 

A two-dimensional  mathematical  model  of  the  spine  was  exercised  to  identify  mechanisms 
of  neck  injurv  due  to  hyperflexion.  Loss  of  pilots  due  to  ditching  at  sea  was  one  of  the 
motivations  for  this  study.  It  was  found  that  helmets  have  the  potential  of  increasing 
injury  severity  particularly  during  a combined  +GZ  and  -Gx  impact,  with  the  pulses  coincident 
in  time.  The  four  parameters  that  are  potentially  injurious  are  neck  shear,  chin-chest 
contact  force,  odontoid  process  excursion  into  the  spinal  canal  and  spinal  cord  stretch. 


1.  INTRODUCTION 

Hyperextension  injuries  of  the  neck  have  been  extensively  studied  as  a result  of  the 
common  'whiplash'  syndroms.  However,  neck  injuries  due  to  head  motion  are  not  restricted 
to  this  mechanism.  Ewing  and  Inomas  (1)  have  conducted  studies  on  head  and  neck  kinematics 
during  hyperflexion,  using  living  human  volunteers.  Hertz  and  Patrick  (2)  have  used  both 
volunteers  and  cadavers  to  establish  the  str  ngth  and  response  of  the  human  neck.  They 
provided  a response  envelope  for  both  flexion  and  extension.  Hyperflexion  injuries  of  the 
neck  have  been  sustained  by  automobile  crash  victims  involved  in  frontal  collisions  (-Gx 
acceleration),  as  reported  by  Patrick  and  Andersson  (3).  The  problem  of  ditching  fatalities 
was  reported  by  Wolff  et  al  (4).  Navy  pilots  who  miss  the  carrier  deck  and  cutch  in  full 
view  of  the  carrier  were  unable  to  eject  and  were  lost  along  with  the  aircraft.  They  were 
apparently  concussed  although  there  was  no  evidence  of  direct  head  impact  witn  the  aircraft 
interior.  In  addition,  protective  helmets  were  worn.  This  is  a cursory  review  of  the  neck 
injury  problem  and  points  to  the  need  for  a deeper  understanding  of  the  mechanisms  involved 
and  the  eventual  establishment  of  a set  of  injury  criteria  for  the  neck 

This  paper  is  concenieu  with  a parametric  study  of  neck  response  using  a validated 
mathematical  model  of  the  head  and  spinal  column  developed  by  Tennyson  and  King  (5) . The 
purpose  of  the  investigation  is  to  quantify  certain  kinematic  and  kinetic  vai tables  which 
can  cause  injury  to  the  central  nervous  system  (CMS)  but  are  not  currently  identifiable 
from  experimental  studies  using  other  forms  of  human  surrogates.  One  of  the  principal 
variables  is  the  helmet  which  increases  the  mass  and  mass  moment  of  inertia  of  the  head 
and  is  not  usually  worn  by  civilians  involved  in  automobile  accidents.  The  effects  of  a 
combined  +GZ  and  -Gx  impact  were  analyzed  using  a triangular  10-g  pulse  for  each  direction 
of  impact.  The  relative  time  of  occurrence  of  the  2 peak  acceleration  was  varied  to 
demonstrate  differences  in  response  The  principal  dependent  variables  of  this  study  are 
neck  shear  and  moment,  head  linear  and  angular  acceleration  and  displacement,  odontoid 
process  motion  into  the  spinal  canal,  stretch  of  the  cervical  cord  and  chin-chest  contact 
force . 

2,  MATHEMATICAL  MODELS  OF  THE  SPINE 

In  a recent  survey  of  mathematical  models  simulating  impact  of  biomechanical  systems. 
King  and  Chou  (6)  cited  a variety  of  lumped  and  discrete  parameter  models  as  well  as  con- 
tinuum models  of  the  spine.  Developments  subsequent  to  this  survey  include  the  introduction 
of  three  dimensional  models  by  Schwer  (7)  and  the  simulation  of  muscular  response.  Huston 
and  Advani  (8)  proposed  a head  and  neck  model  which  consisted  of  the  head,  7 cervical 
vertebrae  and  the  torso.  It  was  validated  against  experimental  data  obtained  by  Ewing  and 
Thomas  (l)  who  subjected  human  volunteers  to  -Gx  acceleration  impacts  on  a horizontal  sled. 
The  correlation  was  very  good.  Muscle  action  was  included  in  the  model  but  neuromuscular 
delay  was  not  properly  simulated.  There  was  no  muscle  force  for  the  first  100  ms  and  there- 
after it  was  an  Instantaneous  function  of  stretch  and  stretch  rate.  Pontius  and  Liu  (9) 
formulated  a head  and  neck  neuro-muscular  model  from  the  model  by  Orne  and  Liu  (10).  The 
muscle  configuration  consisted  of  active  elements  between  adjacent  vertebrae  and  there 
were  no  muscles  which  spanned  more  than  one  dl^c  space.  Muscle  force  was  assumed  to  be 
function  of  stretch  only  and  the  delay  was  simulated  properly  by  storing  the  stretch  infor- 
mation for  a predetermined  delay  period  of  40  to  80  ms  There  was  also  a muscle  activation 
level  to  simulate  a tensed  or  relaxed  state.  The  model  was  exercised  to  simulate  a mild 
'whiplash*  but  model  results  were  not  compared  with  any  experimental  data, 

Tennyson  and  King  (5)  proposed  a biodynamic  model  of  the  spine  to  simulate  the  action 
of  the  spinal  musculature  on  a discrete  paiameter  vertebral  column  model  conceptually  sim- 
ilar to  the  one  developed  by  Prasad  and  King  (11),  It  la,  thus,  a two-dimensional  model 
which  can  simulate  motion  of  the  head,  the  pelvis  and  the  24  vertebrae  in  the  mid-sagittal 
plane.  Each  segment  was  treated  as  a rigid  body  and  was  assigned  to  carry  a portion  of 
the  torso  weight  which  was  eccentric  with  respect  to  the  centerline  of  ttte  spine  The 
rigid  bodies  assumed  a trapezoidal  shape  and  were  arranged  to  simulate  the  spinal  curvatures 
as  cloaelv  as  possible.  The  dual  load  nath  rhrnn»h  rt»<*  *«-<»  *•-- 


elements.  The  disc  Is  an  elastic  element  capable  of  simultaneously  resisting  axial  and 
shear  loads  and  bending  moments.  The  posterior  vertebral  structure  (facets)  was  taken  to 
be  a spring  element  which  could  transmit  axial  and  shear  forces.  Auxiliary  forces  were 
added  to  the  appropriate  vertebrae  to  simulate  external  contact  forces , such  as  loads  due 
to  the  shoulder  harness,  the  lap  belt  and  the  seat  back.  It  was  also  possible  to  simulate 
chin-chest  contact. 

The  principal  muscles  represented  in  the  model  are  the  postero-lateral  musculature  of 
the  spine.  These  include  the  deep  musculature  which  is  divided  into  three  longitudinal 
muscle  masses,  each  comprising  many  overlapping  fascicles.  The  deepest  and  most  medial 
muscle  group  is  the  transversospinalis  system,  consisting  of  the  interspinalis,  rotatores, 
multifidus,  spinalis,  semi-splnalis  and  semispinalis  capitis.  The  longissimus  system  is 
lateral  to  the  transversospinalis  system  and  consists  of  overlapping  fascicles  extending 
from  all  the  vertebrae  to  the  head.  The  longissimus  thoracis  and  lumborum  are  the  strongest 
muscles  of  the  trunk  having  their  origin  at  the  iliac  crest  of  the  pelvis  and  insertions  in 
all  the  lumbar  and  thoracic  vertebrae.  The  longissimus  eervicis  and  capitas  are  continu- 
ations of  the  longissimus  thoracis,  having  their  insertions  in  the  cervical  vertebrae  and 
on  the  mastoid  part  of  the  temporal  bone.  The  illiocostalis  system  Is  lateral  most  with  its 
caudal  fascicles  originating  on  the  ilium  and  cranial  fascicles  extending  to  the  seventh 
cervical  vertebra. 

The  following  assumptions  were  made  in  the  development  of  muscle  model: 

(a)  All  load  transmitting  (passive)  elements  in  the  posterior  structure  of  the  spine 
including  the  passive  component  of  muscle  were  included  in  the  facet  model.  That  Is, 
in  compression  the  'facet*  represented  facet  Joint  and  spinous  process  interaction. 

In  tension,  the  facet  model  simulated  the  action  of  the  facet  joints,  spinous  ligaments 
and  passive  muscle  components. 

(b)  The  active  mode  elements  for  force  generators  linked  vertebra  to  vertebra  posteriorly 
and  were  essentially  in  parallel  with  the  facets. 

(c)  The  muscle  contractile  force  was  taken  to  be  a linear  function  of  stretch  and  stretch 
rate, 

(d)  The  transversospinalis  systam  waa  represented  by  the  active  elenents  which  linked 
adjacent  vertebra. 

(e)  The  longissimus  and  illocoatalis  systems  ware  represented  by  a 'linked*  muscle  system 
with  an  insertion  at  every  vertebral  lsvel  and  the  head.  The  contractile  force  was 
based  on  a summation  of  the  activity  in  the  Individual  active  elements.  This  muscle 
system  was  anchored  lnferlcrly  in  the  pelvis. 

(f)  A numerical  scheme  waa  developed  to  store  the  activity  of  each  contractile  element 
for  aubsaqent  recall  so  that  a variable  neural  time  delsrv  of  up  to  100  as  could  be 
simulated. 

(g)  As  the  predominant  passive  response  of  the  spinal  column  was  one  of  flexion  during 
-G*  acceleration,  only  the  extensor  half  of  Che  spinal  musculature  was  mods lied. 

(h)  Muscular  tetany  was  represented  by  setting  a maxima  allowable  force  developable  by 
any  particular  muscle. 

(i)  Neural  activity  was  confined  to  the  'stretch  reflex'  phenomenon  and  the v -efferent 
effect  remained  constant. 

It  was  shown  by  Tennyson  and  King  (5)  that  thi*  model  simulated  very  well  the  head 
and  neck  response  of  a living  human  subject  who  was  subjected  to  a -C*  acceleration  of  8,1  g. 
The  data  were  acquired  by  Ewing  and  Thomas  (1)  and  the  input  pulse  was  sled  acceleration, 
necessitating  the  use  of  the  entire  spine  in  Che  model.  In  a second  paper  by  Tennyson  and 
King  (12).  it  was  exercised  to  reproduce  a -G*  acceleration  of  5.7  g on  the  same  subject 
to  demonstrate  its  repeatability.  For  the  same  model  constants  and  spinal  geometry,  the 
results  of  the  model  agreed  well  with  experimental  data.  Due  to  the  lack  of  flexors  in  the 
neck,  the  results  are  only  valid  for  the  first  240  as  during  which  most  of  the  injury  would 
have  occurred.  Furthermore,  this  model  was  validated  against  cadaveric  data  for  +GZ  accel- 
eration by  Prasad  and  King  (11),  using  a version  with  no  muscular  response. 

This  model  possesses  sufficient  flexibility  for  the  parametric  study  outlined  above. 

The  input  data  set  was  modified  to  accept  a helmeted  head  and  the  model  was  used  to  simulate 
a ditching  impact  involving  a combined  +GZ  and  -C,  acceleration.  The  peak  g-level  was 
restricted  to  10  g so  as  not  to  overwhelm  completely  the  muscular  response  of  the  model. 

The  weight  of  the  helmet  was  assumed  to  be  13.3  N (3  lb)  and  the  combined  mass  moment 
of  inertia  about  the  lateral  centroidal  axis  was  computed  to  be  11.55X10"3  kg-w^  (164.18  lb- 
si/  in)  by  assuming  that  the  helmet  to  be  a spherical  shell.  The  corresponding  mass  moment 
of  inertia  for  the  head  above  was  taken  to  be  7.66X10“3  kg-m-2  (108.81  Ib-s^/in) . The 
shift  in  the  center  of  gravity  due  to  the  helmet  was  12.7  mm  anteriorly.  Several  runs  were 
also  made  with  a ccphalad  shift  of  12.7  mm. 

3 . RESULTS 


The  input  pulse  for  a combined  +GZ  and  -0^  impact  is  shown  in  Figure  1.  The  simulation 
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ittrttd  20  ns  before  onset  of  acceleration  and  the  peaks  of  the  triangular  Dulses  were 
assumed  to  occur  simultaneously  (Case  1)  or  one  peak  preceded  the  other  by  50  ms,  (Cases 
2 and  3),  The  magnitude  of  both  peaks  was  10  g and  the  duration  of  each  pulse  was  200  ms. 
The  rate  onset  was  200  g/s.  The  three  impact  conditions  are  identified  as  follows: 


Case  Wo. 

1 

2 

3 


Symbol 

TOGETHER 
Z THEN  X 
X THEN  Z 


Condition 

Simultaneous  +GZ  and  -Gx  impact 

+C2  impact  occurring  50  ms  before  the  -Gx  impact 

-Gx  impact  occurring  50  ms  before  the  +GZ  impact 


The  subject  was  assumed  to  be  in  a seated  position  restrained  bv  a full  military 

of  a laP  belt  and  30  inverted-Y  shoulder  belt.  The  pelvis  was  subiected 
?aCt  Pulf*  in  Figure  1 and  the  resulting  response  of  the  head  and  neck'  is 

analyzed  for  possible  injury  mechanisms.  The  helmet  is  assumed  to  cause  a 12.7  nm  anterior 
shift  of  the  head  center  of  gravity. 

Figure  2 through  4 show  spinal  kinematics  for  a helmeted  head  for  the  3 impact  con- 
fix?!!8' 8bow  the  initial  spinal  shape  (dotted  line)  and  that  for  extreme  forward 

„et..£he  tlnf  on  the  figure  (solid  line),  describing  qualitatively  the 

extent  of  the  vertical  and  horizontal  displacement  of  the  head  as  well  as  that  of  its 
for  Tlu°?  th*  iner5ial  reference  frame.  The  corresponding  spinal  shapes 

? be1®156  are  shown  in  Figures  5 through  7.  It  is  seen  that  maximum 
hyperflexion  is  attained  in  Case  3,  with  or  without  a helmet. 

that  are  Pr°Yld*d  in  terms  of  time  history  plots  of  the  various  parameters 

P^odjJc«  ir}iuiy-  A act.of  ® plots  for  the  case  of  simultaneous  +G,  and  -G„  peaks 
ln  FigUrf  8 Shrol!*h  15*  ln  cach  the  effect  of  tfie  helmet  is 

in  FiJ,',r»TRe  P?£k  VajUe  ^ vfSC  "hear  at  C1/C2  ls  doubled  due  to  the  helmet,  as 
FWe^  PifhS  f i8wf  d°Uble  $ontact  of  th*  chln  with  the  chest,  as  shown  in 

’rt.The  lnfrea**  in  chin-chest  force  due  to  the  helmet  is  approximately  30T,  Figure 

i;  *5~*  1 tj!.Y!riic;11acc,1,«e;Sn  °f  'he  head  ™lativ*  « the  inertial  reference  frame8 
IJceUrftinn  i-1-?  vaIue*  coincide  with  chin-chest  contact  and  the  increase  in  peak 

8180  aPProximately  30X.  In  view  of  the  fact  that  the  helmet  causes  an 
is  reduced  when  thu  h<?ad>  the  angular  acceleration  of  the  head 

of  the hlV  fl  I\la  la  ahown  ln  figure  11.  The  horizontal  displacement 

is  SSbstlntiillv  lncJM«edd-«V.b^,h?lBrJ  " •$7in  1?  F18ur*'  12  but  the  vertical  displacement 

f?™  P s®-' -is  jssjs;  .x  inss  i-efgrt, 

i rH??  ssis: 

Sinou«edPorknoSIexistenrCdwJi„%J2*!L^c«l^ti^  inCleas*  thV*Uan£ltles  artless 

srci;:vs;M;F;  a jxvix 

s diijisssirs's.r's^s.d'si01" 

withoSbhSlie?UmBThi*diaehIn§eflieI[f1USS  °%U  ^raaeters  for  3 Imoact  cases,  with  and 
vicnouc  netmet , The  disc  and  facet  shear  force  are  at  the  level  of  CI/r2  Th» 

i Lhead^  wltb  respect  to  T1  and  the  negative  sign  rep^scJts  a r^ativ^clockwise 
otation.  All  maximum  values  given  in  this  table  occurred  at  or  before  240  ms  of  simulation. 

tbe  combined  center  of  gravity  of  the  head  and  helmet  was  assumed  to  be  shifted 

ITilll  2y  kl  ^nSC  in  inJVr^  Pieters  was  surprisingly  less  severe  as  shown 

XnlfBi  “ <fur  Ease  tbere  vas  an  increase  in  head  rotation  with’ respect  to  T1  in 
d<onioWiCh  the  coresponding  value  for  an  anterior  shift  in  the  center  of  eravitv 
Head  displacement  also  increased  but  all  other  values  were  lower  in  .!,»  n - * 

there  was  also  more  head  rotation  but  the  other  parameters  were  not  altered  sicnif leant iv 

4.  DISCUSSION  AND  CONCLUSIONS 

no  a X“fti5  xess  •; 

testing  ^■ETK^X^i'i^SXf 
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injury  using  the  mathematical  model  as  a human  surrogate.  The  model  has  been  validated 
against  human  volunteer  and  cadaveric  data  and  is  expected  to  yield  reasonable  results. 
However,  its  results  are  always  subject  to  experimental  verification, 

A comparison  of  3 impact  cases  with  and  without  helmet  was  made  using  a 2-dimensional 
model  of  the  spine.  The  same  model  constants  were  used  for  all  runs  and  changes  in  response 
could  be  considered  as  more  reliable  than  absolute  values.  The  combined  +GZ  and  -Gx  impact 
acceleration  pulse  was  used  primarily  to  simulate  a ditching  at  sea,  during  which  it  is 
possible  to  have  the  pulses  occur  simultaneously  or  one  before  the  other,  A hypothetical 
profile  was  selected  and  a rather  low  peak  acceleration  was  assumed  so  as  not  to  overwhelm 
completely  all  passive  muscular  response. 

1 

In  general,  the  helmet  increased  the  disc  and  facet  shedlr  forces,  resulting  in  an 
increased  displacement  of  the  odontoid  process  into  the  spinal  canal.  There  was  also  a 
general  increase  in  spinal  cord  stretch,  chin-chest  contact  force  and  head  displacement. 

Head  angular  acceleration  showed  a significant  decrease.  Conditions  were  most  severe  when 
the  +G2  and  -Gx  pulses  coincided  in  time  and  when  the  helmet  was  worn.  Spinal  cord  stretch 
was  over  40  mm  with  or  without  helmet  for  Case  3,  in  which  the  -Gx  pulse  preceded  the  +GZ 
pulse.  The  corresponding  values  for  Case  2 were  much  lower. 

An  anterior  shift  of  12.7  mm  in  the  center  of  gravity  due  to  the  helmet  is  apparently 
less  desirable  than  a cephalad  shift  of  the  same  magnitude.  There  was  less  stretch  in  the 
cervical  cord  and  the  maximum  displacement  of  the  odontoid  process  was  approximately  the 
same  for  all  3 cases  with  helmet. 

In  conclusion,  this  parametric  study  has  identified  some  possible  mechanisms  of  injury 
to  the  cord  during  hyperflexion  of  the  neck.  It  has  also  facilitated  future  experimental 
studies  by  pointing  out  the  conditions  that  are  likely  to  be  most  hazardous.  The  helmet 
has  the  potential  of  increasing  injury  severity,  particularly  when  the  two  pulses  are 
coincident  in  time.  The  four  parameters  which  are  potentially  injurious  are  neck  shear, 
chin-chest  contact  force,  displacement  of  the  odontoid  process  and  spinal  cord  stretch. 

They  are  of  higher  magnitude  for  an  anterior  shift  of  the  head  center  of  gravity  in  com- 
parison with  a cephalad  shift  of  the  same  magnitude  (12.7  mm).  This  result  contradicts 
intuition  and  should  be  verified  experimentally. 
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Table  1 - Summary  of  Peak  Values  For  Anterior  Shift  of  C,  G. 


Case  No.  1 2 3 

Symbol  TOGETHER  Z THEN  X X THEN  Z 

Parameter  W/O  Helmet  W/Helmet  W/O  Helmet  V/Helmet  W/O  Helmet  W/Helmet 


Disc. Shear  @C1/C2  (N) 

399 

868 

358 

409 

234 

Facet  Shear  @C1/C2  (N) 

361 

814 

357 

424 

226 

Chin-Chest  Force  (n) 

2733 

3534 

3533 

3795 

3315 

Head  Vert.  Accel  (g) 

44.5 

58.4 

57.4 

40.6 

56.3 

Head  Horiz.  Accel  (g) 

45.8 

37.4 

33.5 

33.1 

27.1 

Head  Ang.  Accel  (Rad/s^) 

5267 

3922 

"369 

4745 

4538 

Head  Horiz.  Disp.  (mm) 

201 

208 

185 

190 

209 

Head  Vert.  Disp.  (mm) 

172 

191 

200 

192 

186 

Odontoid  Disp.  (mm) 

2.9 

6.2 

2.6 

3.1 

1.8 

Cord  Stretch  (mm) 

36.4 

43.3 

29.4 

33.4 

41.0 

Head  Rot,  (deg) 

(with  respect  to  Tl) 

-77.5 

-73.4 

-68.9 

-65.6 

-69.1 

262 

260 

3437 

48.3 

16.3 
3236 

211 

187 

2.0 

40.6 

-65.0 


Table  2-  Summary  of  Peak  Values  For  Caudal  Shift  of  C.  G. 


Case  No.  12  3 

Symbol  TOGETHER  Z THEN  X X THEN  Z 

Parameter  W/O  Helmet  W/Helmet  W/O  Helmet  W/Helmet  W/O  Helmet  W/Helmet 


Disc.  Shear  @Cl/C2  (N) 
Facet  Shear  @C1/C2  (N) 
Chin-Chest  Force  (n) 

Head  Vert.  Accel  (g) 

Head  Horiz.  Accel  (g) 
Head  Ang.  Accel  (Rad/s^) 
Head  Horiz.  Disp.  (mm) 
Head  Vert.  Disp.  (mm) 
Odontoid  Disp.  (mm) 

Cord  Stretch  (mm) 

Head  Rot,  (deg) 

(with  respect  to  Tl) 


399  854  358 

361  797  357 

2733  2881  3533 

44.5  51.2  57.4 

45.8  42.4  33.5 

5267  3653  5369 

201  216  185 

172  209  200 

2.9  5.2  2.6 

36.4  38.2  29.4 

-77.5  -83.6  -68.9 


527  234 

486  226 

3874  3315 

40.2  56.3 

40.8  27.1 

3905  4538 

202  209 

171  186 

3.8  1.8 

28.6  41.0 

-74.3  -69.1 


249 

245 

3079 

46.2 

15.7 

3022 

221 

201 

2.3 

39,4 

-77,7 


H0R. 

- VER. 


V 10.  20.  30.  40. 


TIME  CMS)  X10 

Fig.  1 Combined  +0Z  and  -0X  Input  Pulses  (Case  2 shown) 


5 Spinal  Kinematics  Without  Helmet.  Case  1 Fig. 6 Spinal  Kinematics  Without  Helmet,  ( jse  2 Fig. 7 Spinal  Fine: 
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Fig.  14  Odontoid  Process  Displacement  into  the  Spinal  Canal,  with  Fig.  15  Spinal  Cord  Stretch,  with  & without  Helmet.  Case 

& without  Helmet,  Case  1 
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Fia  18  Odontoid  Process  Displacement  into  the  Spinal  Canal  with  Fig-  19  Spinal  Cord  Stretch,  with  & without  Helmet,  Case 

e 1 *> 


Fig.  22  Odontoid  Process  Displacement  into  the  Spinal  Canal,  Fig.  23  Spinal  Cord  Stretch,  with  & without  Helmet 

with  & without  Helmet.  Case  3 
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DISCUSSION 

COL.  C.  KNAPP  (USA) 

What  was  the  total  added  helmet  weight? 

AUTHOR’S  REPLY 

l.jti  kilograms. 

COL.  C,  KNAPP  (USA) 

Are  you  willing  to  make  an  est  imate,  what  would  happen  If  the  Ctl  was,  lateral 
Instead  of  sublateral  lnterl  r Its  opposed  t omul  ng? 

AUTHOR’S  REPLY 

We  have  seme  helmets  with  visually  coupled  systems  that  have  a significant  lateral 
loading.  This  problem  we  have  to  refer  to  Pr.  Belytschko’s  3-dlmetis.lonal  model. 

PR.  ME IER-DORNDERG  (ERG) 

Have  you  all  established  some  tolerance  criteria  for  your  model  for  Instance 
tolerable  deflection  or  yield  or  something  else?  Or  have  you  only  computed  some 
response  values? 

AUTHOR'S  REPLY 

We  are  In  the  process  of  trying  to  establish  tolerance  criteria.  We  have  not  yet 
done  It. 


~'4 

tv 


BEST  AVAILABLE  COPY 


*-  k*  *-•  w o f < c t.  *:  o 


A8-I 


A THREE-DIMENSIONAL  WniEHMICAL  ANALOGUE  GE  Tiff  SPINL  STRUCTURE 
A COMPREHENSIVE  APPRQAQ! 

Ntanohar  M.  Panjabi,  Dr.  Tech. 

Engineering  Laboratory  for  Musculoskeletal  Diseases 
Section  of  Orthopaedic  Surgery 
Yale  Medical  School 
New  Haven,  CT  (16510 
U.S.A. 


SU1MARY 

Mathematical  analogues  of  the  human  spine  structure  are  important  tools 
in  the  understanding  of  the  mechanism  of  injury  and  its  prevention  and  treat- 
ment. The  analogue  may  be  thought  of  as  having  two  parts;  a set  of  govern- 
ing equations,  also  called  the  mathematical  model,  and  the  physical  proper- 
ties data  of  the  human  spine.  The  comprehensive  approach  presented  here 
stresses  the  need  for  simultaneous  development  of  both  of  these  constituents. 

The  human  spine  is  viewed  as  a collection  of  functional  spinal  units, 
each  unit  consisting  of  two  adjacent  vertebrae  and  the  interconnecting  soft 
tissue.  Mathematically  this  unit  of  the  spine  is  modelled  as  two  rigid  bod- 
ies connected  by  a single  deformable  link.  The  latter  is  a three-dimensional 
three- element  viscoelastic  solid.  Experimental  techniques  have  been  devel- 
oped which  provide  the  physical  properties  of  the  human  functional  spinal 
units  in  three-dimensional  space.  Such  data  is  being  made  available  now. 
These  properties  incorporated  into  a three-dimensional  mathematical  model 
will  provide,  for  the  first  time,  a mathematical  analogue  of  the  spine  which 
is  entirely  based  upon  experimentally  derived  spine  data. 

LIST  OF  SYMBOLS 


- clasping  matrix 

- stiffness  matrix 

- inertia  matrix 

- displacement  vector 

- force  vector 

- load  vector 

- translation  vector 

- position  vector,  body  coordinate  system 

- position  vector,  global  coordinate  system 

- moment  vector 

- rotation  vector 

,b,c  - axes  of  the  spring  coordinate  system 

- arbitrary  body 

- arbitrary  spring 

,m,n  - axes  of  the  global  coordinate  system 

x,y,z  - axes  of  the  body  coordinate  system 

* - derivative  with  respect  to  time 


I.  INTRODUCTION 

Mathematical  analogues  of  the  hutian  spine  structure  are  inport  ant  tools  in  the  uiderstanding  of  the 
mechanism  of  injury  and  its  prevention  and  treatment,  The  usefulness  of  an  analogue  depends  ipon  the  ac- 
curacy with  which  it  can  predict  the  behavior  of  the  spine  structure  for  a given  set  of  stimuli.  The 
mathematical  model  may  be  of  the  continuous  or  of  the  discrete-parameter  type.  This  discussion  is  lim- 
ited to  the  latter.  A review  of  the  literature  may  be  found  in  flelytschko  et  al  (1973,1),  Panjabi  (1973,13) 
and  King  and  Chou  (1976,3), 

Latham  (1957,?)  is  generally  credited  for  having  proposed  the  first  discrete-parameter  type  mathema-  , 
tical  model  involving  the  human  spine.  The  first  continuous  model  was  utilized  by  Hess  and  Lombard  (1958, *•). 
There  has  been  a continuous  progress  from  the  simple  one-degree-of- freedom  uniaxial  model  of  Latham  to 
quite  sophisticated  multiple  degree-of- freedom  three-dimensional  models  of  the  present  day,  Schultz  et  al 
(1972,15),  Belytschko  et  al  (1973,1)  and  Panjabi  (1973,13). 

Che  of  the  major  difficulties  in  the  use  of  these  spine  models  has  been  the  assignment  of  values  to 
the  stiffness  and  daitping  coefficients  of  the  deformable  elements,  Hess  and  Lombard  were  aware  of  this 
difficulty  and  they  devised  a solution  to  the  problem  of  the  missing  data  of  the  physical  properties  of  the 
htjnan  spine.  "The  values  of  the  mechanical  properties  of  the  human  body  (spine)  are  unknown,...  The  re 
exists,  however,  another  possibility,  an  indirect  procedure,  which  may  be  called  "model  fitting".  In  this 
procedure  use  is  made  of  data  showing  the  response  of  the  human  body  (torso)  to  a certain  applied  accelera- 
tion, the  values  of  these  parameters  are  varied  until  the  response  of  the  model  is  as  nearly  as  possible 
the  same  as  that  of  the  torso,  and  in  this  way  the  model  is  fitted  to  the  data.  '*  Unfortunately  this  "solu- 


*Hess  and  Lombard  (1958,3),  Korda  in  parentheses  are  ours. 
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tio.i"  with  some  modifications  has  been  often  used  ever  since. 

The  basic  assumption  underlying  this  "solution"  is  that  the  matching  of  the  model  behavior  with  the 
experimental  behavior  in  a set  of  given  situations  somehow  validates  the  model  for  all  other  situations. 
This  is  quite  convenient,  but  is  not  necessarily  true. 

he  believe  a better  and  more  accurate  solution  lies  not  in  finding  a shortcut  of  "model  fitting",  but 
in  making  progress  on  two  fronts  simultaneously:  1)  iletermxning  the  mechanical  properties  of  the  human 
spine  under  physiological  loading  environments  that  are  as  close  to  in  vivo  situation  as  possible  and  2) 
developing  mathematical  models  that  are  capable  of  incorporating  the  expo  mentally  obtained  physical  pro- 
perties of  the  spine. 

The  purpose  of  this  pajier  is  to  present  some  details  of  the  above  approach  and  to  document  the  pro- 
gress that  has  been  made. 

II.  A COMTMJ  Qi\S  I VT  AfPRUACi  I 

A mathematical  analogue  may  be  thought  of  as  having  two  constituents,  namely  a set  of  governing  equa- 
tions (the  mathematical  model!  and  the  physical  properties  data  of  the  spine  it  incorporates.  The  approach 
presented  here  is  comprehensive  in  the  sense  that  the  two  constituents  have  evolved  s trail taneously  and  are 
related  to  each  other. 

A. The  Mathematical  Model 

1.  General  Considerations 

The  human  spine  ixas  24  vertebrae  that  articulate  with  each  other  and  with  the  head  and  sacrum  on 
either  end,  thus  constituting  25  articulating  joints,  figure  1 taeh  of  these  joints  may  be  considered 
as  a unit  of  the  honey  and  ligamentous  spine.  Thus,  we  may  define  the  functional  spinal  unit  (FSU),  with 
the  exception  of  the  occiput-Cl  and  LS-S1  articulations,  as  a basic  unit  of  the  spine  consisting  of  two 
adjacent  vertebrae  and  the  interconnecting  tissues,  namely  a disc,  nine  ligaments  and  two  facet  joints, 
figure  2. 


figure  i.  Anato.ny  of  the  human  honey  and  ligamentous  spine. 
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Figure  2.  Anatomy  of  the  functional  spinal  unit  (FSU)  or  the  motion  segment. 

The  htmyin  spine  is  idealized  ns  a collection  of  functional  spinal  units  connected  in  a serial  manner. 
Each  of  the  FSU  is  mathematically  modelled  as  a single  three-dimensional  three-element  deformable  link  con- 
necting two  rigid  bodies  at  their  centers.  The  deformable  link  represents  the  three-dimensional  viscoelas- 
tic characteristics  of  the  intact  FSU,  l.e.  the  disc,  ligaments,  facet  joints  and  a vertebra.  One  of  the 
ways  this  concept  can  be  illustrated  is  shown  in  Figure  A. 


Figure  3,  A,  Functional  Spinal  Unit  (FSU)  or  a motion  segment  of  the  spine  consists 
of  two  vertebrae  and  the  interconnecting  tissues.  R.  Conceptual  representation  of 
the  viscoelastic  characteristics  of  the  FSU  by  a three-dimensional  three-element  de- 
formable link  connecting  the  centers  of  the  two  rigid  bodies, 

2,  Defining  the  Structure 

Three  types  of  right-hand  cartesian  coordinate  systems  are  used  to  define  the  spine  structure.  Figure 
4,  The  global  system,  imn,  is  conveniently  orientated  and  fixed  to  the  ground,  it  defines  the  centers  of 
gravity  (c.g.)  of  all  the  rigid  bodies  and  the  orientations  of  the  other' coordinate  systems.  Local  body 
coordinate  systems  (xyz)j  are  fixed  in  space  at  the  centers  of  gravity  of  the  rigid  bodies  and  are  orien- 
tated along  the  principal  axes  of  inertia  of  each  of  the  bodies.  The  deformable  viscoelastic  links  are 
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sequentially  ra*4»red.  The  kth  deformable  link  has  the  kth  local  coordinate  system  (abcjg.  °ri<lntu 
tion  of  the  system  is  such  that  the  av-axis  is  parallel  to  the  line  joining  the  two  ends  of  the  kth  de- 
ferable link  and  with  its  positive  direction  towards  the  body  with  the  higher  number. 


Figure  4.  The  system  of  defining  the  spine  structure  is  shown.  The  rigid  bodies, 
i - 1,  i,  i + 1,  etc.,  representing  the  vertebrae,  are  connected  by  three-dimen- 
sional deformable  links,  k,  k + 1,  etc.,  representing  the  viscoelastic  character- 
istics of  the  functional  spinal  unit. 

The  center  of  gravity  of  the  ith  body  is  defined  by  a position  vector  Vi  in  the  global  coordinate  sys- 
tem (lmn)  while  the  point  of  attachment  of  the  kth  deformable  link  is  defined  by  uj  in  local  body  coordi- 
nate system  (xyz)j. 

3.  System  Governing  Equations  of  Motion 

The  system  governing  equations  of  motion  in  the  inertia  coordinate  systems  (xyz)^  are 

Md  + C5  Kd  * q (1) 

where  d and  q are  6n  X 1 system  displacement  and  load  vectors  respectively.  M,  C and  K arc  6n  X 6n  system 
inertia,  damping  and  stiffness  matrices  respectively.  Letter  n stands  for  the  number  of  rigid  bodies  in 
the  system.  The  system  vectors  drand  q are  defined  by  a set  of  subvectors  of  displacement  and  load,  di 
and  qj,  for  each  body  and  in  the  respective  local  inertia  systems.  Thus, 

d - [dx  d2  - dA  - dn]T,  and 

q - [qa  q2  - qi  - q/- 

The  subvectors,  in  tum,  are  defined  by  their  components 

di  " [rxryrzWz]iT, 

qi  ' [fxfyfzWxYz]iT 

where  r,  41,  f and  u are  respectively  translation^  rotation,  force  and  moment  vectors . Further  details  of 
this  method  are  given  elsewhere,  Panjabi  (1973,1^). 

B.  Physical  Properties 

1,  The  Rigid  Bodies 

e 

The  masses  and  moments  of  inertias  have  been  documented  by  Liu  and  Wickstrom  (1973 ,' ) , 

2,  The  Deformable  Links 

Although  it  will  be  ideal  to  have  the  mechanical  properties  of  each  of  the  FSU  obtained  in  the  in  vivo 
situation,  it  is  not  feasible  for  practical  reasons.  The  mechanical  behavior  of  a structure  txxiui rcsThe 
documentation  of  both  the  applied  loads  and  the  displacements  produced.  Although  the  displacements  can  be 
measured  with  a good  deal  of  accuracy,  there  is  no  method  yet  that  can  precisely  measure  the  loads  applied 
to  a FSU  in  an  in  vivo  situation.  The  in  vitro  experiments  done  on  fresh  cadaveric  material  provide  a 
reasonable  alternative. 


The  physical  properties  of  the  human  spine  cadavers  have  been  studied  since  the  days  of  Messcrer 
(1880,  ID)  who  determined  the  crush  strength  of  the  vertebrae.  Until  1970,  most  of  the  loads  utilized 
were  conpressive  with  a few  exceptions,  A sudden  increase  in  our  knowledge  was  provided  by  Murkoir 
(1970,9)  who  determined  the  load-displacement  curves  of  !;SU  under  compression,  tension,  shear,  flexion, 
extension,  lateral  bending  and  torsion.  However,  he  neither  included  preloads  nor  did  he  measure  the 
coaled  rations  in  his  experiments.  The  preloads  are  the  loads  applied  Yo  tne  FSU  in  situ  when  the  person 
Is  standing  in  anatomic  position.  It  has  been  documented  that  such  loads  are  present  m vivo  ami  that 
they  are  of  considerable  magnitude,  Nachemson  and  Morris  (1964,“),  The  coupled  motions  are  the  components 
of  motion  that  occur  in  directions  other  than  the  direction  of  the  applied  load.  In  contrast,  the  motions 
in  the  directions  of  the  applied  load  are  called  the  main  motions.  It  has  been  shown  in  the  later  sections 
of  this  paper  that  both  the  preloads  and  the  coupled  motions  are  important  for  a complete  documentation  of 
the  physical  characteristics  of  the  spine. 

The  above  discussion  has  been  concerned  with  the  elastic  properties  of  the  spine  only.  For  complete 
characterization  damping  properties  are  equally  important.  However,  very  little  is  known  about  these  pro- 
perties of  the  spine  except  under  conpression  loading.  Virgin  (1951,16)  and  Hirsch  and  Nachemson  (1954,3) 
were  probably  the  first  to  report  their  observations  of  the  phenomena  of  hysteresis  and  creep  respectively, 
both  of  which  involve  the  danping  properties  of  the  spine.  Mast  recently  Kazarian  (1975, has  done  exten- 
sive compression  creep  testing  on  functional  spinal  units  and  has  shown  that  the  danping  properties  of  the 
disc  vary  with  the  grade  of  disc  degeneration. 

Returning  to  the  elastic  properties,  it  may  be  observed  that  much  more  precise  information  has  become 
available  now;  although  the  absence  of  the  application  of  the  proloads  and  the  measurements  of  the  coupled 
motions  has  remained,  except  in  the  studies  to  be  described  here.  A short  theoretical  discussion  given 
below  provides  a basis  for  a systematic  determination  of  the  physical  properties  of  the  functional  spinal 
unit.  For  greater  details  one  may  consult  other  sources,  Krag  (1975,  ),  Panjabi  et  al  (1976, 14)  and  Pan- 
jabi (1977,T2) . 

a.  Theoretical  Basis 

Let  us  place  the  origin  of  a three-dimensional  coordinate  system  at  the  center  of  the  body  of  the  upper 
vertebra  of  a functional  spinal  unit  and  orient  it  as  shown  in  Figure  5.  A load  vector,  applied  to  the 
center  of  the  vertebra,  has  six  components,  i.e.  three  forces  along  and  three  moments  about  the  three  axes. 
Similarly,  the  displacement  vector  of  the  center  of  the  upper  vertebra  has  six  components,  i.e,  three  trans- 
lations along  and  three  angulations  about  the  three  axes  of  the  coordinate  system.  The  complete  descrip- 
tion of  the  behavior  of  a FSU  can  be  obtained  by  applying  all  the  load  components,  one  at  a time,  and  mea- 
suring all  the  displacement  components  for  each  load  application. 
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Figure  5.  A three-dimensional  coordinate  system  is  located  with  its  origin  at  the 
center  of  the  vertebral  body  of  the  upper  vertebra  of  a functional  spinal  unit.  The 
axes  are  oriented  as  shown.  Twelve  components  of  load  rector  are  depicted  by  broad 
arrows  while  the  six  displacement  conponents  are  shown  by  thin  arrows. 

The  loads  may  be  applied  in  the  positive  as  well  as  the  negative  directions.  .Because  the  beMvior  of 
a spinal  functional  unit  must  be  assumed  to  be  different  in  the  positive  and  negative  directions  (tor 
example,  axial  compression  and  tension),  we  may  consider  the  load  rector  to  hare  12  components  --  six  posi- 
tive and  six  negative.  These  load  and  displacement  conponents  are  depicted  in  Figure  5, 

Theoretically,  any  one  load  component  may  produce  all  the  six  displacement  conponents.  Thus,  if  .all 
12  load  conponents  are  applied  one  at  a time,  there  will  be  a total  of  72  load  displacement  curves.  The 
foregoing  description  is  depicted  in  Figure  6,  Horizontally  we  have  arranged  the  12  load  components,  from 
the  force  of  +Fx  to  the  moment  -Mz.  Vertically  we  have  arranged  the  six  displacement  components , from 


re- 


lateral  translation  *Tx  to  lateral  angulation  iAz,  Thus,  a total  of  72  load-displacement  curves,  each 
presented  by  a square  in  Figure  6,  are  required  to  document  conplctcly  the  elastic  mechanical  behavior  of 

a single  functional  spinal  unit. 
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Figure  6.  Twelve  load  conponents  (+Fx  to  -Mz)  are  arranged  horizontally.  Six  dis- 
placement components  (±Tx  to  ±Az)  are  arranged  vertically.  Application  of  any  load 
component  to  the  functional  spinal  unit  may  produce  all  the  six  displacement  compo- 
nents. Each  of  the  72  squares  represents  a load- displacement  curve. 

b.  Three-Dimensional  Studies 

The  foregoing  experimental  ideas  were  incorporated  into  two  studies  in  our  laboratory,  with  the  pur- 
pose of  determining  complete  three-dimensional  elastic  behavior  of  the  spine.  In  the  first  study  of  the 
thoracic  spine,  Panjabi  et  al  (1976, 14),  certain  simplifications  were  made.  The  spine  was  assumed  to  have 
bilateral  symmetry  and  no  preloads  were  included.  A suitable  physiological  environment  of  20°  C.  and  1001 
humidity  was  utilized  to  maintain  the  physical  characteristics  of  the  spine  during  testing.  Further,  all 
the  twelve  load  components  were  utilized  and  three  displacement  components  (one  main  and  two  coupled)  were 
measured  for  each  load  application.  To  eliminate  the  effect  of  creep,  the  displacement  readings  were 
taken  after  three  minutes  of  load  application. 

The  second  study,  done  on  lumbar  motion  segments,  incorporated  two  additional  features  as  compared  to 
the  thoracic  study.  Firstly,  we  modified  the  measuring  techniques  so  that  instead  of  three,  we  were  able 
to  measure  all  six  displacement  components  simultaneously,  thus  fulfilling  the  requirements  for  a complete 
description.  Secondly,  we  incorporated  physiologic  axial  compressive  preloads  to  bring  the  in  vitro  ex- 
perimental conditions  closer  to  the  in  vivo  situation.  As  mentioned  earlier,  the  presence  of  such  a com- 
pressive preload  in  vivo  has  been  well  documented  by  Nachomson  and  Morris  (1964, n),  The  lumbar  spine 
study  conducted  by  Krag  (1975, 6)  is  not  yet  conplete,  and  we  present  here  a sample  of  the  load  displace- 
ment curves  taken  from  his  thesis. 

Figure  7 shows  the  resulting  three  translational  and  three  rotational  components  of  the  motion  at  the 
center  of  the  upper  vertebral  body  when  the  load  component  +Mz  (right  lateral  bending)  is  applied  to  it 
with  zero  preload.  We  observe  the  following.  The  most  dominant  motion  is  the  main  motion,  i.e.  the  lat- 
eral bending  as  denoted  by  the  load-displacement  curve  marked  Az.  The  other  five  curves  describe  the 
coupled  motions.  The  behavior  is  nonlinear,  with  the  spine  becoming  less  flexible  as  higher  loads  are  ap- 
plied. 

The  physical  properties  of  the  spine  are  seen  to  be  significantly  altered  by  preloads  in  the  physical 
range.  This  is  exemplified  in  Figure  8 where  results  of  applying  left  lateral  shear  +Fx  to  the  lumbar 
functional  spinal  unit  are  shown  without  and  with  1000  N of  preload.  Again,  there  are  six  load-displacement 
curves.  Lateral  shear  deformation  (Tx)  is  the  main  motion  while  the  other  five  arc  the  coupled  motions, 
e.g.  Az  angulation  about  the  Z-axis.  It  is  interesting  to  note  that  addition  of  the  preload  of  1000  N 
changes  the  shape  of  nearly  all  the  six  load-displacement  curves.  In  the  example  shown,  all  the  curves  in- 
dicate softening  of  the  spine  segment  with  the  addition  nf  the  prclond.  In  some  of  the  other  examples,  not 
shown  here,  the  spine  segments  were  observed  to  harden  and  in  some  there  were  mixed  results.  Details  of 
these  results  arc  given  elsewhere,  Panjabi  ct  al  (1976,*4). 


AH.7 


+ MZ 


-2  0 2 4 


mm.  OR  deg. 


Figure  7.  Six  load  displacement  curves  for  the  center  of  the  upper  vertebral  body  of 
a lumbar  functional  spinal  unit  subjected  to  a single  load:  right  lateral  bending  mo- 
ment *Mz.  The  applied  moment  is  on  the  ordinate,  while  the  translations  Tx,  Ty  and  T: 
in  millimeters  and  angulations  Ax,  Ay  and  A:  in  degrees  are  on  the  abscissa.  The  lat- 
eral angulation  Az  curve  represents  the  main  motion  while  the  remaining  five  curves  de- 
pict the  coupled  motions. 

DISCUSSION 

An  analogue  may  be  defined  os  something  that  resembles  something  else,  because  of  certain  specified 
characteristics,  but  is  not  the  same.  Thus,  it  follows  that  the  characteristics  of  the  "something  else" 
must  be  known  and  taken  into  consideration  before  the  "something"  can  be  constructed.  The  quality  of  a 
mathematical  analogue  of  the  huran  spine  is,  therefore,  dependent  upon  the  quality  of  the  spine  physical 
properties  data  that  it  incorporates.  Development  of  the  analogue  requires  a simultaneous  development  of 
the  techniques  of  mathematical  modelling  ns  well  as  the  determination  of  the  physical  characteristics  of 
the  human  spine.  The  two  go  hand  in  hand. 

This,  the  mathematical  analogue  has  two  constituents,  namely  the  mathematical  part  that  sets  up  the 
governing  equation,  and  the  physical  data  part  that  characterizes  the  real  spine  behavior.  Although  they 
are  quite  different,  there  is  nonetheless  a reciprocal  relationship  between  the  two.  The  mathematical 
part  must  be  able  to  Incorporate  the  real  physical  data  while,  on  the  other  hand,  it  should  he  experimen- 
tally feasible  to  provide  the  physical  data  required  by  the  mathematical  part.  Although  great  progress 
has  been  made  in  construction  of  the  mathematical  models  and  much  data  has  been  obtained  concerning  the 
physical  properties  of  the  human  spine,  yet  the  two  have  developed  more  or  less  independently  and  at  dif- 
ferent rates.  In  our  opinion,  the  progress  in  the  determination  of  the  physical  data  of  the  spine  has 
lagged  far  behind  that  of  the  mathematical  model. 

Some  of  the  recent  mathematical  models  have  broken  down  the  functional  spinal  unit  into  its  several 
elements,  namely  a disc,  nine  ligaments  and  two  facet  Joints.  Thus,  to  simulate  the  human  spine  in  these 
mathematical  models,  physical  properties  of  each  of  these  spinal  elements  arc  required  for  each  level  of 
the  spine.  This  kind  of  elemental  data  may  be  difficult  to  obtain  without  violating  the  spine  integrity. 
A gootl  cxai^le  is  the  capsular  ligaments  which  cojqiletely  enclose  the  facet  articulations.  To  obtain 
their  phystcnl  properties,  the  facet  articulation  must  he  destroyed  without  destroying  the  capsular  liga- 
ments: not  an  easy  task.  Such  an  approach  in  mathematical  modelling,’ we  believe,  is  unrealistic  as  it 
does  not  recognize  the  special  anatomy  of  the  human  spine. 

The  approach  presented  here  circiervents  the  above  difficulties.  The  physical  properties  data  re- 
quired is  not  for  the  imlii'hkial  elements,  c.g.  ligaments,  disc  and  facet  joints,  but  of  the  intact  func- 
tional spinal  unit.  The  experimentally  obtained  three-dimensional  physical  properties  data  of  such  spinal 


uvlta  are  being  made  available.  The  mathematical  modol  presented  lias  the  capability  to  incorporate  such 

data. 

Me  have  shown  that  the  load  displacement  characteristics  of  the  spinal  unit  are  complex.  They  are 
not  only  nonlinear,  but  are  intrinsically  coupled.  Further,  they  are  affected  by  the  preload  (the  load 
due  to  the  weight  of  the  body  parts  above  it).  The  significant  magnitude  of  the  preload  effect  makes  the 

Irevlous  data  obtained  without  the  preload  much  less  useful.  A realistic  anulogue  of  the  spine  must  take 

nto  account  the  above  considerations. 

The  mathematical  analogue  presented  here  provides  a comprehensive  approach.  It  has  the  potential  of 
siiulating  the  real  situation  with  high  fidelity.  However,  the  physical  properties  necessary  for  func- 
tioning of  the  model  are  only  now  becoming  available.  We  hope  to  present  the  results  in  the  near  future. 


Figure  8.  Coupled  as  well  as  main  motion  load- displacement 
curves  for  a physiologic  lateral  force  +Fx  and  two  preloads 
0 and  1000  N.  The  lateral  force  produced  all  the  six  mo- 
tions Tx  to  Az,  Note  the  change  due  to  1000  N preload. 

Open  circle  curves  are  the  main  motion  curves  and  the  filled- 
in  circle  curves  arc  the  coupled  motion  curves, 
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DISCUSSIOH 


DR.  BELYTSCHKO  (USA) 

I noticed  that  you  described  your  model  by  a system  of  linear  equations 
* . * 

Md+Cd+Kd=q  and  treated  your  rotations  by  0xii  0yi«  0zl 
which  is  applicable  only  to  small  rotations.  Are  you  implying  that  nonlinear 
effects,  such  as  those  due  to  nonlinear  materials  or  large  displacements,  are 
unimportant  in  the  spine? 

AUTHOR'S  REPLY 

We  know  that  most  of  the  equations  that  you  must  consider  are  nonlinear  to  start 
with,  Dut  when  it  comes  to  solving  them  certain  approximations  must  be  made.  The 
Intent  of  this  paper  was  not  to  present  a method  for  solving  specific  equations, 
but  rather  to  present  a comprehensive  approach  which  stresses  the  simultaneous 
development  of  model  structure  and  mechanisms  and  the  physical  properties  of  the 
system  being  modeled. 

DR.  D.  J.  THOMAS  (USA) 

What  is  your  criterion  of  "good  agreement"  between  the  model  and  any  experiment 
to  validate  the  model? 

AUTHOR'S  REPLY 

I do  not  address  this  question  in  my  paper. 
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SUMMARY 

A three  dimensional,  discrete  model  of  the  human  spine,  head  and  torso  is  described.  This  model  is 
an  evolution  of  earlier  discrete  models  which  are  reviewed  and  discussed.  The  anatomy  is  modeled  by  a 
collection  of  rigid  bodies,  which  represent  skeletal  segments  such  as  the  vertebrae,  pelvis,  and  ribs, 
interconnected  by  deformable  elements,  which  represent  ligaments,  cartilagenous  joints,  viscera  and  con- 
nective tissues.  The  model  has  been  validated  by  comparing  its  impedance  to  measurements  on  human  volun- 
teers. The  principal  feature  of  this  model  is  the  generality  of  its  formulation  which  enables  it  to  be 
applied  to  a wide  variety  of  impact  situations.  Simulations  are  reported  for  a vertical  ejection,  a pre- 
ejection  alignment  and  bird  impact  on  a canopy.  A postprocessor  has  been  developed  which  interprets  the 
complex  time  history  output  in  terms  of  injury  potential. 


INTRODUCTION  AND  REVIEW  OF  LITERATURE 

Because  of  the  difficulties  of  studying  Impact  environments  experimentally,  considerable  effort  has 
been  devoted  over  the  past  thirty  yeara  to  the  development  of  amdels  of  various  components  of  the  human 
body.  In  the  study  of  pilot  safety,  attention  has  focused  on  the  spine,  head  and  neck.  Models  ranging 
in  complexity  from  one  degree  of  freedom  models  of  the  spine  to  smltldegree  of  freedom  models  which  repre- 
sent the  individual  vertebrae  have  been  developed. 

Mathematical  models  of  the  spine  have  evolved  into  two  general  classes:  continuum  and  discrete 
models.  The  term  continuum  here  refers  to  models  where  the  spine  is  treated  as  homogeneous,  requiring  the 
determination  of  extrapolated  material  properties  representing  the  composite  behavior  of  the  interverte- 
bral discs  and  the  vertebrae.  In  the  discrete  models,  the  individual  vertebrae  are  modeled  as  rigid 
bodies  interconnected  by  the  discs  and  the  various  spinal  ligaments.  This  allows  for  the  direct  utiliza- 
tion of  the  disc  and  ligament  properties. 

Latham  [l]  is  generally  cited  aa  the  first  to  develop  a mathematical  model  for  describing  the  dynamic 
response  of  the  spine  to  +0^  acceleration.  Ills  model  constated  of  two  rigid  masses,  one  representing  the 
body  and  the  other  the  ejection  seat  interconnected  by  a spring.  It  was  developed  to  study  the 

dynamic  overshoot  of  the  body  when  seat  cushions  of  varying  resiliency  were  placed  between  the  pilot  and 
the  ejection  seat. 

Payne  [2]  also  developed  a one  degree  of  freedom  model  of  the  spine.  The  head  and  upper  torso  were 
modeled  as  a single  rigid  mass  and  the  spine  as  a spring  with  a dashpot  In  parallel.  The  stiffness  of 
this  spring  was  determined  by  matching  the  natural  frequency  of  the  model  to  the  average  frequency  of  the 
dominant  peak  of  experimentally  measured  driving  point  impedances.  This  model  was  subsequently  extensively 
correlated  with  injury  data  to  develop  the  dynamic  response  index  (DRI)  model.  It  has  provided  a very 
useful  tool  for  evaluating  the  safety  of  a pilot  in  an  axial  (G  ) acceleration  environment  when  the  non- 
axial  (flexural)  response  is  small.  * 

In  an  effort  to  simulate  more  complex  situations,  Toth  [3]  developed  the  first  model  in  which  indi- 
vidual vertebrae  and  discs  were  idealized.  It  consisted  of  rigid  masses  representing  vertebrae  Til  through 
L5  and  the  pelvis,  interconnected  by  springs  and  dampers  representing  the  intervertebral  discs. 

Orne  and  Liu  [4]  subsequently  developed  a similar  model  for  the  entire  thoracolumbar  spine.  They 
included  the  axial,  shear,  and  bending  resistance  of  the  discs  and  modeled  each  vertebrae  as  a rigid  body 
with  three  degrees  of  freedom  (two  translations  and  one  rotation).  Spinal  curvature  and  variations  of 
disc  stiffness  with  vertebral  level  were  treated.  The  force-deflection  characteristics  of  the  interver- 
tebral discs  were  modeled  with  a three  parameter  viscoelastic  relationship.  Orne  and  Liu  introduced  the 
concept  of  modeling  the  inertial  properties  of  the  torso  by  assigning  to  each  vertebral  level  the  inertial 
properties  of  the  associated  torso  segment.  The  eccentricity  (distance  between  the  vertebral  mass  center 
and  the  mass  center  of  the  entire  torso  segment)  of  the  mass  center  for  each  motion  segment  (vertebral 
level)  was  included.  Interaction  of  the  spine  with  the  torso,  ejection  seat  or  a restraint  system  were 
not  considered.  Failure  to  represent  these  interactions  in  a large  displacement  formulation  results  in 
unrealistic  deformation  of  the  spinal  column  and  may  invalidate  the  force  distributions  predicted  by 
the  model. 

Payne  and  Wand  [5]  developed  a one  dimensional,  four  degree  of  freedom  model  of  a seated  man.  It 
consisted  of  rigid  masses  representing  the  head,  upper  torso,  abdominal  viscera  and  the  pelvis,  inter- 
connected by  springs  and  dampers.  A spring  and  damper  were  included  to  represent  the  elastic  and  viscous 
properties  of  the  buttocks.  The  stiffnesses  of  this  model  were  chosen  so  that  the  model's  frequency  con- 
tent reflected  the  average  frequencies  at  which  peaks  occur  in  experimentally  obtained  impedances  of 
seated  humans.  This  model  was  restricted  to  axial  motion  only. 


Moffat  [&]  developed  a continuum  model  which  Included  both  axial  and  bending  repmtse.  The  formula- 
tion was  restricted  to  small  displacements.  Continuum  models  have  the  advantage  of  permitting  the  use 
of  fewer  degrees  of  freedom  for  the  spine  than  In  models  that  represent  the  Individual  vertebrae.  On  the 
other  hand,  they  require  an  extrapolation  of  the  material  properties  representing  the  intervertebral  discs 
and  vertebrae  and  also  the  interpretation  of  continuous  response  variables  in  terms  of  actual  forces  in 
these  discrete  anatomical  segments. 

Ihe  discrete  Orne  and  Liu  [4]  model  was  modified  by  Prasad  and  King  f?]  to  include  the  articular  facet 
interaction.  Hie  motivation  for  this  was  to  model  a secondary  path  of  load  transmission  along  the  spinal  col- 
umn which  is  provided  by  the  actions  of  the  articular  facets  as  determined  by  the  experimental  work  of  Prasad, 
et  ai[8^The  interaction  of  the  articular  facets  was  modeled  by  two  springs,  one  limiting  relative  rotations 
and  the  other  limiting  the  relative  sliding  of  adjacent  vertebrae.  The  properties  of  the  articular  facet 
elements  appear  to  have  been  chosen  rather  arbitrarily,  since  no  reference  was  made  as  to  how  the  axial 
stiffnesses  were  determined  and  no  values  for  the  rotational  stiffnesses  were  given.  An  important  feature 
of  their  model  was  its  validation  by  comparison  of  certain  reponse  forces  with  cadaver  drop  tower  tests. 

Though  such  limited  comparisons  certainly  do  not  constitute  a complete  validation,  they  serve  an  important 
purpose . 

The  models  described  up  to  this  point  were  restricted  to  one  or  two  dimensional  behavior  and,  in  gen- 
eral, had  not  considered  interaction  of  the  spine  with  other  portions  of  the  torso  such  as  the  rib  cage 
and  viscera 

The  first  chree  dimensional  head-spine  model  was  developed  by  Beiytschko,  et  at  [9],  who  developed 
several  models  of  varying  complexity.  The  basic  model  was  the  isolated  ligamentous  spine  nuxiel,  consisting 
of  rigid  bodies  representing  the  head,  vertebrae  T1  through  L5  and  the  pelvis  interconnected  by  deformable 
elements  representing  the  intervertebral  discs  and  the  various  connective  tissues.  Interaction  between  the 
spine  and  the  torso  was  modeled  with  a secondary  column  of  beam  elements  representing  the  action  of  the 
viscera-abdominal  wall  system  in  the  lumbar  region  and  the  rib  cage  in  the  thoracic  region. 

The  complete  spine  model  of  Beiytschko,  et  al  consisted  of  the  ligamentous  spine  model  plus  detailed 
representations  of  the  cervical  spine,  the  rib  cage  and  the  viscera.  The  cervical  spine  model  consisted 
of  rigid  bodies  representing  vertebrae  C2  through  C7  and  interconnected  by  deformable  elements  representing 
the  intervertebral  discs.  The  actions  of  the  articular  facets  were  modeled  with  hydrodynamic  elements, 
which  were  able  to  reproduce  the  kinematic  actions  of  the  articular  facets  in  three  dimensions  more  effec- 
tively than  spring  elements.  The  viscera  were  modeled  with  hydrodynamic  elements  stacked  in  series  between 
the  pelvis  and  the  bottom  of  rib  pair  10  (the  rib  pair  connected  to  vertebra  TIO).  By  including  the  inter- 
action of  the  spine  with  the  torso  and  the  seat  and  restraint  system,  they  were  able  to  employ  their  model 
to  investigate  the  behavior  of  the  spine  in  situations  involving  substantial  bending. 

A major  difficulty  in  the  development  of  discrete,  multidegree  of  freedom  models  such  as  that  of  Orne 
and  Liu,  Prasad  and  King  and  Beiytschko,  et  al  is  the  large  amount  of  data  that  is  needed  to  characterize 
the  numerous  elements  of  the  model.  Furthermore,  in  spite  of  their  complexity,  these  models  still  involve 
substantial  Idealizations  of  the  human  body,  as  exemplified  in  the  single  segment  mass  approximations  of 
Orne  and  Liu.  It  is  imperative,  therefore,  that  models  of  such  complexity  be  validated  by  comparisons 
with  experimental  observations  on  complete  body  response  in  dynamic  environments. 

One  source  of  dynamic  body  response  data  are  measurements  of  human  volunteer  impedances.  Major  contri- 
butions to  our  knowledge  of  the  impedance  of  human  subjects  were  made  by  Coermann,  et  al  (.10 J,  ill  J and 
Vogt,  et  al  [12].  Coermann,  et  al  determined  the  Impedances  of  sitting  end  standing  subjects  by  shske 
table  induced  vertical  (+C  ) vibrations  through  a frequency  range  of  l to  19  Hz.  He  found  a major 
resonance  at  S Hi. 

Resonances  in  the  displacement  response  of  the  abdominal  viscera  were  also  studied  by  Coermann,  et  al. 
This  was  accomplished  by  placing  the  subject  In  a supine  position  on  a shake  table  and  subjecting  him  to 
longitudinal  harmonic  vibrations  through  a frequency  range  of  1 to  15  H*.  Motion  of  the  skeleton  was 
suppressed  by  using  metel  brackets  at  the  hesd,  shoulders,  and  feet  to  damp  the  subject  to  the  table. 
Resonances  In  the  abdominal  wall  displacements  were  found  to  occur  typically  between  3 and  4 Hz,  Restricting 
the  mobility  of  the  abdomen  resulted  in  a shift  of  the  abdominal  wall  displacement  peak  to  between  b and  7 Hz. 

Vogt,  et  al  [12]  measured  the  Impedances  of  ten  male  subjects  who  were  seated  In  a slightly  erect  pos- 
ture and  loosely  restrained.  Vogt,  et  al  also  considered  Impedances  under  sustained  accelerations  of  +2  0 
snd  +3  C_,  These  sustained  accelerations  were  Induced  via  a centrifuge,  the  application  of  the  sustained* 

accelerations  allowed  for  the  observation  of  the  change  In  the  Impedance  when  exposed  to  a preload,  thus 
Indicating  the  effects  of  the  nonlinear  stiffness  of  the  tissues.  These  results  exhibit  a shift  In  the 
resonance  to  a higher  frequency  and  an  Increase  In  impedance  magnitude  when  the  G loading  Is  increased 
from  normal  gravity- 

The  Important  characteristic  of  the  results  reported  by  Coermann,  et  al  and  Vogt,  et  at  la  the  major 
peak  which  occurs  In  the  neighborhood  of  5 Hz  for  the  Impedances  of  seated  human  subjects  under  normal 
gravity.  Second  and  third  peaka,  both  considerably  smaller  than  the  flrat,  generally  occur  In  the  vicinity 
of  10  to  11  Hz  and  14  Hi,  respectively . These  second  and  third  peaka  are  not  always  reported.  The  peaks 
In  the  Impedance  curvee  Indicate  the  vertical  excitation  frequencies  et  which  the  maximum  energy  is  trans- 
ferred to  the  body,  Coermann,  et  al  suggest  that  the  5 Hz  peek  is  cai.jed  by  resonant  motion  of  the  upper 
torso  in  connection  with  the  bending  elasticity  of  the  pelvis  and  spine,  and  that  the  10  to  11  Hz  peak  is 
probably  attrltutable  to  another  elasticity  of  the  pe’vla. 

Vykukel  [l3]  exposed  four  subjects  In  a seml-suplne  position  to  a vertical  acceleration  of  +0,40  In  a 
fraquancy  range  from  2k  to  20  Hz,  combined  with  a linear  acceleration  of  1,  2k,  and  4 C.  The  mechanical 
impedance  of  each  subject  wet  recorded.  He  observed  that  for  the  higher  linear  accelerations,  the  stiffness 
increased,  the  damping  increased,  and  the  overall  Impedance  magnitude  tncreaaad.  The  resonancea  at  higher 
frequenclet  baesme  more  predominant  in  magnitude  because  of  increased  coupling  of  the  body  systems  when 
subjected  to  a high  G environment. 
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Woods  [143  reported  traneoissibilities  for  longitudinal  and  lateral  vibrations  of  three  subjects  in 
the  frequency  range  of  1 to  10  Hr.  Results  are  also  reported  for  the  effect  of  random  vertical  and  lateral 
vibrations.  All  of  the  transmissability  curves  for  the  sinusoidal,  longitudinal  oscillations  had  a peak 
between  4 to  6 Hz.  A major  peak  in  the  transmissibility  curve  for  the  sinusoidal  lateral  oscillations 
occured  at  1.5  Hz. 

Die  impedance  characteristics  of  the  complex,  mult idegree-of- freedom  models  ([4],  l?3*  [9])  were  not 
reported.  However,  Belytschko,  et  al  [9]  reported  modal  analyses  of  their  models:  for  the  ligamen- 
tous spine  with  head  and  pelvis  but  no  separate  elements  for  the  viscera  and  buttocks  they  found  a lowest 
natural  frequency  of  17  Hz  when  restricted  ro  axial  motion.  This  i~  considerably  higher  than  the  average 
frequency,  5 Hz,  at  which  the  dominant  peaks  of  experimentally  determined  impedances  occur.  Because  this 
disparity  is  far  greater  than  that  which  would  result  from  any  possible  error  in  the  stiffness  or  inertial 
properties  of  the  model,  they  suggested  that  the  5 Hz  peaks  in  experimentally  determined  impedance  curves 
cannot  represent  an  axial  response  of  the  spine. 

In  this  paper,  the  impedance  of  a modified  Belytschko,  et  al  1.9]  model  will  be  examined,  it  is  shown 
that  the  impedance  of  this  model  duplicates  the  experimentally  determined  impedance  quite  well  and  that  the 
resonance  at  5 Hz  results  from  a combination  of  three  factors:  the  seat-body  mode,  the  flexural  response 
of  the  spine  and  the  axial  response  of  the  viscera.  The  model  will  then  be  used  to  simulate  several  situ- 
ations of  interest  in  pilot  safety:  ejection,  pre-ejection  alignment,  and  head  Impact  resulting  from 
bird-strike  on  the  canopy. 

DESCRIPTIONS  OF  MODELS 

The  models  represent  the  human  body  by  a collection  of  rigid  bodies  interconnected  by  deformable  ele- 
ments, The  rigid  bodies  are  used  for  the  modeling  of  bones  while  the  deformable  elements  are  used  to  model 
ligaments,  muscles  and  connective  tissues.  The  treatment  of  bones  as  rigid  bodies  is  preferable  from  both 
the  viewpoint  of  numerics  and  modeling,  for  the  stiffness  of  bones  is  usually  orders  of  magnitudes  greater 
than  that  of  connective  tissue,  so  that  if  both  are  modeled  as  deformable  the  resulting  numerical  problem 
is  poorly  conditioned.  However,  long  slender  bones,  such  as  ribs,  may  be  modeled  as  deformable.  The  de- 
formable elements  may  also  be  used  to  model  entities  external  to  the  body,  such  as  restraint  systems  and 
harnesses . 

For  purposes  of  describing  the  models,  it  is  worthwhile  to  distinguish  between  the  following: 

11  The  computer-based  method  of  solution,  or  mathematical  model,  which  is  a rather  general  system  for 
the  treatment  of  the  dynamics  of  collections  of  rigid  bodies  interconnected  by  deformable  elements,  and 

2)  The  specific  models  of  the  spine,  torso,  and  ejection  system,  which  constitite  a data  base  for  the 
computer  system. 

The  analytical  procedure  is  basically  a matrix  structural  technique  which  serves  as  a versatile  frame- 
work for  constructing  the  equations  of  motion.  The  program  enables  these  equations  of  motion  to  be  inte- 
grated in  time  by  either  explicit  or  implicit  techniques,  or  analyzed  by  modal  procedures,  which  give  the 
natural  frequencies  and  modes  of  the  model;  details  may  be  found  in  Belytschko  et  al  [9].  The  formulation 
is  completely  three  dimensional  and  treats  arbitrarily  large  rotations  and  displacements  of  the  rigid  bodies. 
However,  the  deformation  of  some  of  the  elements  is  restricted  to  be  moderately  small.  Material  properties 
may  be  linear  or  nonlinear  and  viscous  forces  are  included. 

The  following  mathematical  elements  are  used  in  the  model: 

1)  Rigid  bodies,  which  are  used  to  represent  skeletal  segments,  and  may  be  interconnected  by  deformable 
elements  connected  to  any  point  on  the  rigid  body; 

2)  Spring  elements,  which  have  stiffness  only  against  axial  deformation,  and  are  used  to  represent 
ligaments  and  harness  restraints; 

3)  Beam  elements,  which  have  bending,  torsional,  snd  axial  stiffness,  and  which  are  used  to  model 
intervertebral  discs; 

4)  Hydrodynamic  elements,  which  are  governed  by  pressure-volume  laws; 

5)  Elastic  surfaces  which  provide  a simplified  model  of  seat  surfaces;  and 

6)  Plate  elements,  which  can  be  used  to  represent  deformable  elements  within  the  pilot's  environment, 
such  as  the  canopy. 

For  purposes  of  illustrating  how  the  mathematical  model  is  used  to  used  to  represent  the  pilot's  anatomy, 
we  will  describe  two  representative  models  used  in  these  studies.  The  first  model  consists  of  the  isolated 
thoracolumbar  spine,  the  cervical  spine,  the  head,  the  rib  cage  and  viscera,  and  the  seatback  and  restraint 
system.  In  the  second  model,  the  rib  cage  and  viscera  are  replaced  by  a series  of  beams  parallel  to  the  spine, 
which  represent  the  stiffness  of  the  torso.  Tilts  simplification  is  made  to  save  computer  costs.  Lateral  and 
anterior-posterior  views  of  the  complex  model  are  shown  in  Fig.  1;  only  the  rigid  bodies  representing  skeletal 
aegments  are  ahown. 

In  tha  thoraco lumbar  spine,  each  pair  of  vertebra*  ia  connected  by  seven  spring  elements  and  one  beam 
element.  The  intervertebral  disc  is  represented  by  a beam  element,  which  Joins  the  geometrical  centers  of 
the  endplates  of  each  pair  of  adjacent  vertebrae.  The  spring  elements  represent  the  following  ligaments  and 
connective  tissues;  the  pair  of  spring  element*  which  connect  the  transverse  process  tips  represent  the  inter- 
transverse  ligaments;  one  spring  element,  which  connects  the  spinous  process  tip*,  represents  the  intra-  and 
supra-spinoua  ligaments;  a pair  of  elements  which  connect  posterior  points  on  the  vertebral  bodies,  represent 
the  ligaments  flava;  two  spring  elements  are  used  to  represent  the  articulsr  facets.  The  latter  are  short, 
stiff  elements  and  are  primarily  intended  to  represent  the  kinematic  constraints  remit ting  from  the  facets. 

All  of  these  elements  interconnect  secondary  nodes  on  the  rigid  body.  The  dsta  given  In  Schultz  et  al 
[15]  was  used  for  these  stiffnesses. 


In  the  cervical  spina,  adjacant  vertebra*  are  connected  only  by  element#  representing  the  disc,  the 
interspinous  ligaments,  and  the  articular  facets.  The  disc*  are  represented  by  beam  elements,  the  liga- 
ments by  spring  elements,  th*  articular  facets  by  hydrodynamic  elements.  The  triangular  endplates  of  the 
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hydrodynamic  element  may  be  seen  In  Fig.  1.  Because  these  elements  have  resistance  primarily  through  a line 
joining  the  centroids  of  the  two  opposing  triangular  facets,  these  elements  are  more  effective  In  repre- 
senting the  directional  properties  of  articular  facets  than  spring  elements.  The  use  ol  these  i-lements  for 
the  representation  of  facets  would  also  be  desirable  In  the  lumbar  and  thoracic  spines,  but  the  procuress  nt 
of  data  for  the  location  of  the  facet  planes  In  these  portions  of  the  spine  has  not  been  completed. 


Figure  1 Frontal  and  sagittal  plana  views  of  caaiplata  head-spine  model. 


Each  of  the  ribs  Is  modeled  as  a rigid  body,  and  connected  to  two  vertebree  by  means  of  Chase  defor- 
mable elements,  which  represent  the  costo-vertebral  Joint.  These  deformable  elements  have  been  chosen  so 
that  the  directional  properties  of  the  joint  are  represented  and  an  axis  of  great  rotational  flexibility 
la  Included.  The  ribs  are  connected  to  the  sternum  through  the  costostnrnal  Joint  by  a deformable  element, 
which  represents  the  deformablllty  of  the  costal  cartilage.  Data  for  this  rib  cage  model  la  taken  from 
Andrlacchl  et  al  [16], 

The  abdominal  cavity  and  viscera  are  represented  by  hydrodynamic  alamants  stacked  In  series  between 
the  pelvis  and  level  T10,  thus  treating  the  overall  bahavtor  of  the  viscera  as  a compressible  medium.  In 
the  actual  viscera,  tha  contents  are  almost  Incompressible  and  the  wave  motion  Is  mainly  govrrned  by  the 
Interaction  of  the  walls  of  the  torso  and  Its  contents.  In  response  to  a compressive  load,  the  contents 
would  move  vertically  and  laterally,  stretching  the  abdominal  walls.  Ihe  mechanism  of  wave  propagation 
through  the  viscera  by  an  Interaction  of  the  membrane  lining  and  the  hydrodynamic  contents  has  been  studied 
by  Torvlk  117],  He  derived  relationships  for  both  large  de f ormat ions  of  the  membrane  and  nonlinear  membrane 
response.  For  small-da  flection  linear  mambrane  response,  he  gives  the  standard  water  haasser  formula  for  wave 
speed  / E t 

c •%'  Jj  (1) 

where  E Is  Young's  modulus  for  the  membrane  wall,  t the  thickness  of  the  wall,  r Its  radius  and  p the  den- 
sity m of  the  fluid;  In  this  Instance,  the  viscera.  Tills  formula  neglects  the  comprasstbl lily  of  the 

viscera.  Belytschko,  et  al  [18]  let  E • 6 x 107  dynes/cm7,  t • 1 cm,  r • 10  cm  and  obtained  a value  of 
c • 1700  cm/sac . 

The  force  deflection  relation  of  the  viscera  hare  Is  taken  to  be 

F - Kjd  + K2  42)  (4  ♦ orft)  (2) 


A * cross-sectional  area  of  viscera  (800  cm  ) 

Ev  • effective  Young's  sx>dulus  ol  viscera  at  tero  axial  strain 

Kj  • linear  stiffness 
K„  ■ cubic  stiffness 
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a - damping  parameter 

6 * axial  strain,  which  ia  given  by  elongation  divided  by  the  original  length 
6 ■ axial  strain  rate 

The  linear  stiffness  was  chosen  by  matching  Coermann's  [ll]  observed  resonance  in  the  visceral  wall  abdom- 
inal system  of  3 to  4 Hz,  This  yielded  a value  of  K.  * 8 x 10^  dynes  and  corresponds  to  an  effective  Young's 
5 2 1 

modulus  of  10  dynes/cm  . The  cubic  stiffness  coefficient  K-  was  chosen  to  be  640,  At  an  axial  strain  of 

* 8 

6 * 0,1,  which  is  typical  in  ejections,  the  resulting  linearized  stiffness  is  6 x 10  and  the  effective 

5 2 

Young's  modulus  is  7,4  x 10  dynes/cm  , This  corresponds  to  a wavespeed  in  the  viscera  of  about  400  cm/sec. 
This  is  significantly  below  the  value  reported  by  Belytschko,  et  al  [l8j,  but  presently  our  understanding  of 
the  cubic  part  of  the  response  is  quite  limited.  However,  a cubic  component  is  quite  necessary  if  the  low 
amplitude  response  and  ejection  response  is  to  be  simulated  properly;  as  will  be  shown  subsequently, 
failure  to  ascribe  sufficient  stiffness  to  the  viscera  results  in  dynamic  buckling  of  the  spine  in  ejection 
simulations . It  is  interesting  to  observe  that  ejection  simulations  with  both  the  previous  high  value  of 
£ and  the  present  law  show  only  small  differences  in  responses;  evidently,  the  loose  coupling  of  the  viscera 
and  spine  causes  the  viscera  to  take  up  the  same  amount  of  force  regardless  of  its  precise  stress-strain  law. 

The  visceral  elements  are  connected  through  rigid  bodies  to  ribs  T10.  This  implies  that  the  whole  axial 
load  in  the  abdominal  cavity  is  transferred  to  the  rib  cage;  no  axial  load  transfer  to  the  interior  of  the 
thoracic  cavity  is  assumed. 

The  head  is  a single  rigid  body  joined  to  C2  by  a beam  element  (Cl  was  not  included  in  the  model). 

The  helmet  can  be  assumed  to  be  rigidly  connected  to  the  head  or  can  be  attached  to  the  head  by  means  of 
spring  elements. 

The  seatback  is  a plane  surface,  which  is  vertically  aligned  and  the  bottom  of  the  seat  is  horizontal. 
The  seat  constrains  the  motion  of  the  rigid  bodies  only  when  they  come  in  contact.  A cubic  force  deflection 
law  with  damping  of  the  following  form  was  used: 

F - (k  + k,d2)  (d  + ad)  (4) 

where 

d * distance  of  penetration  Into  the  seat 
J m velocity  of  penetration  Into  the  seat 
kj  and  k^  « linear  and  cubic  stiffness 

a • damping  paremeter 

A value  of  6.6  a 102  dyne/cm  was  used  for  kj,  a value  of  3 for  k^.  The  restraint  systems  were  modeled  by 
linear  springs. 

The  detailed  data  for  the  complex  model  is  given  in  Refs.  [9}  and  [18].  He  will  here  only  give  the 
data  for  the  simplified  model.  Isolated  ligamentous  spine  with  viscera  (ILSV),  which  is  shown  In  Fig.  2.  This 
model  Is  identical  to  the  complex  model  except  chat:  (1)  the  cervical  spine  Is  replaced  by  a single  beam 
element;  (2)  the  hydrodynamic  elements  for  the  viscera  are  replaced  by  a series  of  springs  Interconnected 
to  the  vertebrae  as  shown;  (3)  the  rib  cage  Is  replaced  by  a single  series  of  be-  elements  which  repre- 
sent the  flexural  resistance  of  the  rib  cage. 

The  stiffnesses  of  the  elements  are  given  in  Table  l,  the  Inertial  data  in  Table  2.  The  Inertial 
properties  are  based  on  the  work  of  Liu  and  Wlckstrom  [19],  who  measured  the  masses,  mass  moments  of  inertia, 
and  centroids  of  the  segments  of  frozen  cadavers.  For  the  purpose  of  this  model,  the  mass  of  each  segment 
must  be  subdivided  among  the  vertetral  bodies  and  the  viscera  in  the  levels  Ll  to  L5,  and  between  the  ribs 
and  vertebral  bodies  In  the  thoracic  region.  Therefore,  the  cross-sectional  illustrations  of  Eycleshymer 
and  Schoemaker  [20]  were  used  to  estimate  the  ratio  of  the  area  of  the  viscera  to  the  total  cross-sectional 
area  In  levels  Ll  to  L5.  The  total  mass  measured  by  Ltu  and  Wickatrom  was  then  apportioned  between  the 
vei tebrae  and  viscera  according  to  the  ratio  of  their  areas. 


TABLE  1.  ISOLATED  LIGAMENTOUS  SPINE  WITH 
VISCERA  (ILSV)  INERTIAL  DATA 


Vertebral 

Lf»vel 

Translational 
Mass  . 

(ML*  10  ) 

Rotational 

T 

XX 

Mas*  (gn 

I 

_ yy 

2 

- cm  x 

I 

zz 

Ver tebral 

Inertial  Data 

Pelvis 

16.200 

12.800 

20.000 

19,300 

L5 

0.466 

0.044 

0.Q54 

0.083 

IA 

0.362 

0.042 

0.096 

0. 123 

L3 

0.433 

0.027 

0.006 

0,086 

L2 

0,342 

0.018 

0,067 

0.080 

Ll 

0.284 

0.014 

0.050 

0.059 

T12 

0.333 

0.014 

0,032 

0.035 

Til 

0.318 

0.012 

0.029 

0.033 

T10 

1.352 

0.603 

1.129 

1.648 

T9 

1.417 

0.616 

1,230 

1.716 

T8 

1.326 

0.554 

1.208 

1.670 

T7 

1.308 

0.535 

1.219 

1.659 

T6 

1.193 

0,443 

1.162 

1.546 

T5 

1.175 

0,383 

1.151 

1.490 

T4 

1 .064 

0,314 

1.060 

1.354 

T3 

1.160 

0.288 

1.174 

1.422 

TABLE  1.  (Continued) 
ISOLATED  UOAMENTOUS  SPINE  WITH 
VISCERA  (ILSV)  INERTIAL  DATA 


T2 

1.074 

0.  .’OH 

1 . 029 

1.230 

T! 

1 . 359 

0.075 

0.518 

1.716 

Head 

5.612 

4.479 

4.044 

3.385 

Visceral  Inertial  Data 


SI 

1.708 

0.100 

0.100 

0.100 

IS 

1.744 

0.590 

1.741 

2.114 

lA 

1.625 

0.485 

1.608 

1.887 

1.3 

1.720 

0.442 

1.616 

1.837 

L2 

1.670 

0.537 

1.628 

1.931 

1.1 

1.676 

0.556 

1.519 

1.916 

T12 

1 .341 

0.476 

1.277 

1.671 

Til 

1.282 

0.490 

1.201 

1.704 

Rotational  masses  about  body  axes  x,  y,  t which  coincide  with  the  princiDle 
axes  of  inertia. 


TABLE  2.  ISOLATED  LIGAMENTOUS  SPINE  WITH 
VISCERA  (ILSV)  STIFFNESS  DATA 


Disc 

Love  1 

Axial 

Stlfiness  ^ 
dyne/cm  x 10 

Torsi ona  l 
Stiffness  g 
dyne -era  x 10 

Bending 
Stiffness  g 
dyne-cm  x 10 

Visceral 

Stiffness  j 
dyne/cra  x 10 

S1-L5 

1.10 

0.90 

0.70 

1.29 

L5-L4 

1.40 

1.10 

0.80 

1.68 

I.4-L3 

1.50 

1.20 

0.90 

1.64 

L3-L2 

1.50 

1.20 

0.90 

1.91 

L2-L1 

1.60 

1.20 

0.90 

2.24 

L1-T12 

1.80 

1.00 

0.90 

2.42 

T12-T11 

1.50 

0.80 

1.00 

2.62 

T11-T10 

1.50 

0.70 

1.20 

2.86 

T10- T9 

1.50 

0.70 

1.10 

T9-T8 

1.50 

0.60 

1.10 

T8-T7 

1.50 

0.60 

1.00 

T7-T6 

1.80 

0.60 

1.00 

T6-T5 

1.90 

0.60 

1.00 

T5-T4 

2.10 

0.60 

1.00 

T4-T3 

1.50 

0.40 

0.60 

T3-T2 

1.20 

0.30 

0.40 

T2-T1 

0.  70 

0.20 

0.20 

Neck 

0.14 

0.52 

0.69 

All  llgatsent  and  facet 

axial  stiffnesses  ■ 

115  x 107  dyne/ca 

Pelvis-Si  visceral  eleaent  stiffness  • 0.92  x 107  dyne/ca 

All  vlacera-vertebre  interconnecting  slement  stiffnesses  • 1.0  x 106  dyne/ca 


Vertebral 

Level 

Coordinates  of  renter  of 
Inferior  End  Plate 
V (ci») L (.cm) 

Vertebral 

Body  Height 
(ca) 

Intervertebral 
Dlac  Haight 
(cm) 

L5 

1.800 

2.020 

2.392 

1.859 

U» 

1.100 

5.  ■’00 

2.636 

1.354 

L3 

1.000 

9.550 

2.751 

1.223 

L2 

1.331 

13.450 

2.792 

1.173 

Ll 

2.142 

l7. 150 

2.726 

0.996 

T12 

3.003 

20,590 

2.567 

0.822 

Til 

3.382 

23.680 

2.433 

0.645 

TlO 

4.  .94 

26.500 

2.298 

0.477 

T9 

4.8/9 

29.240 

2.146 

0.460 

T8 

4.638 

31.830 

2.073 

0.459 

T7 

4.580 

34.300 

2.019 

0.404 

T6 

4.250 

36.610 

1.990 

0.314 

T5 

3.990 

38.850 

1.957 

0.266 

T4 

3.690 

41.000 

1.902 

0.214 

T3 

3.350 

43.150 

1.850 

0.274 

T2 

2.920 

45.260 

1.790 

0.306 

Tl 

2.410 

47.440 

1.648 

0.448 

.1*1  - 


I in*  timing 
V (•••*•  at  1*0 
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Figure  2 Frontal  end  sagittal  pier j vlav*  of  simplified  isolated  ligeaentous  spine  with  viscera  (ILSV'I, 

TTia  USV  damping  paraawtars  were  set  as  follows:  the  visceral  damping  parameters  were  based  on  30% 
damping  of  the  lowest  visceral  mode  (5.5  Ha);  the  spine  longitudinal  damping  parameters  were  based  on  20% 
damping  of  the  lowest  spine  axial  mode  (13.17  IU3  and  the  spine  flexural  damping  parameters  were  based  on 
15%  damping  of  tha  5.3  H*  spine  bending  atode. 

IMPEDANCE  OF  M00EL 


The  impedance  is  bars  defined  as  the  modulus  of  Z(\m)  where 

* )*) " v< jii  J*/'1 

and  m la  the  frequency,  F the  Fourier  transform  of  the  driving  torcc  and  V the  transform  of  the  velocity 
of  the  driving  point. 


The  impedances  of  the  models  were  determined  as  follows: 

U a unit  step  velocity  la  prescribed  at  elthar  the  buttocks  or  the  seat 

2)  the  response  of  the  model  is  computed,  Including  the  driving  force  necessary  to  maintain  the  unit 
step  velocity 

3)  the  Fourier  traneform  F(j«)  of  the  driving  force  ia  computed  by  a Fast  Fourier  transform. 

Tha  Fouriar  transform  of  tha  step  velocity  input  can  analytically  be  sht*m  to  be 

v<j»>  ■ — (bi 

H.nc.  one,  F<Jui>  t»  determined  numerically.  th*  ian>«d«nc*  of  th»  system  can  then  he  found.  In  order  to 
obtain  an  accurata  Fouriar  transform  of  tha  driving  forca,  tha  simulation  had  to  he  run  sufficiently  long 
ao  that  Boat  of  tha  oscillatory  raapemaa  vaa  daaipad  out.  Thia  antailad  simulation*  on  tha  order  oi  1.00 
second  in  duration,  which  would  ba  prohibitively  expensive  for  tha  complete  aptne  modal,  therefore , the 
ISLV  was  used  for  tha  Impedance  studies . 

Whan  tha  nodal  was  driven  at  tha  pelvis,  tha  affect  of  the  pelvic  mass  doae  not  appear  in  the  numer- 
ical raaponaa  bacauaa  ita  acceleration  U an  impulse,  therefore,  tn  determining  impedeucee  at  the  pelvic 
mete,  the  pelvic  me**  w«*  con*ider*d  in  **rte*  with  the  remainder  of  the  model,  end  ite  me**  impedance  wae 
simply  *dd*d  to  th*  impedance  of  th*  rest  of  the  model. 

Figure  1 *howe  the  impedinc*  of  the  IStV  model  when  driven  at  the  pelvis,  as  compared  to  the  expert - 
mental  result*  of  Vogt,  at  al  [12].  th*  tSLV  Impedance  exhibit*  peak*  at  h,0  If*  and  11, k II*,  compared  to 
the  experimental  peak*  of  4 . 9 Ha  and  11. S Hi.  However,  th*  magnitudes  of  th#  peak*  and  the  shape*  of  the 
coaiputed  and  experimental  result*  differ  substantially. 


FREQUENCY 


Figure  3 Impedance  of  USV  model  driven  at 
pelvis. 


1.  experimental,  Vogt,  et  al  [l2_ 

2.  ILSV;  buttocks  Or  - 0.3 

3.  ILSV;  buttocks  ar  - 0.15 


FREQUENCY 


Figure  4 Impedance  of  ILSV  model  driven  at  a 
ME  with  two  damping  parameters. 


Figure  4 shows  the  Impedance  of  the  1SLV  model  when  driven  at  a seat,  with  a stiffness  as  given  by 
Eq.  (4);  damping  ratios  of  0.30  and  0.15  were  used.  It  can  be  seen  by  comparing  Figs.  3 and  4 that  the 
seat  has  a pronounced  effect  on  the  Impedance.  The  first  peak  has  shifted  to  4.8  Hs,  which  agrees  very 
well  with  the  experimental  curve.  The  mode  associated  with  this  frequency  la  dominated  by  rigid  body 
motion  of  the  body  relative  to  the  seat;  It  la  called  the  ateatopyglc  mode.  The  second  peak  la  diminished 
severely  by  the  Introduction  ol  the  seat,  although  a small  "bump"  la  still  apparent  In  the  10  Hx  domain; 
this  "bump"  appears  to  correspond  to  the  excitation  of  the  axial  mode  of  the  spine.  It  cannot  be  said 
whether  this  bump  bears  any  relation  to  the  experimentally  observed  peak  at  13.5  Hi. 


In  order  to  gain  further  Insight  into  the  Impedance  of  the  model,  we  have  shown  In  Fig.  5 the  Imped- 
ances of  only  the  spine,  the  viscera,  nnd  the  combined  spine  and  viscera  when  constrained  to  axial  motion. 

It  can  be  seen  that  the  viscera  exhlblta  a peak  at  about  5.0  Hs,  while  the  spine  alone  exhibits  a real,  at 
10  Hx.  Although  not  shown  In  Fig.  5,  we  have  found  when  lateral  vibrations  of  the  spine  model  are  allowed, 

its  Impedance  la  Increased  In  the  3 to  10  Hs 
domain  bacauaa  this  part  of  lta  spectrum  la  rich 
In  flexural  modaa.  This  can  also  ba  aaan  by  com- 
paring curva  5 of  Fig.  ) with  curve  3 of  Fig.  5; 
which  are  Identical  except  for  the  absence  of 
the  lateral  constraint  In  the  former.  In  the 


1.  spina 

2.  viscera 

3.  spine  * viscera 


Figure  5 Impedance  of  IlfiV  subsyatem*  when 
restricted  to  axial  motion. 


lattar,  the  Impedance  In  the  5 Hs  doaialn  la 
significantly  smaller. 

It  can  thus  ba  concluded  thet  the  5 Hs  peak 
that  Is  experimentally  observed  In  human  Imped- 
ance measureawnta  results  from  a combination  of 
the  ateatopyglc  mode,  the  visceral  resonance, 
and  the  flexural  response  of  the  spine.  The 
ILSV  model  developed  here  duplicates  tha  exper- 
imental Impedance  quite  well;  however,  any 
Inferences  about  the  valldtty  of  the  model 
because  of  the  good  comparison  must  be  guarded 
because  the  Impedance  of  the  experimental  results 
la  dominated  by  the  ateatopyglc  mods,  so  that 
the  effects  of  other  subsystems  are  severely 
masked . 

SIMULATION  RESULTS 


To  Illustrate  some  applications  of  this 
model,  four  simulations  are  reported;  1)  a sat 
of  ejection  simulations;  2)  a pre-election 
alignment  with  a shoulder  harness;  3)  a horl- 
sontal  acceleration  simulation  representative 


of  frontal  crash  and  4)  a head  Impact  resulting  from  bird-strike  on  a canopy. 

In  SK>et  of  tha  ejection  simulations  tho  simplified  modet  (II£V)  was  used  for  paraatetrla  studios;  the 
complex  model  was  only  used  to  verify  specific  cases  and  to  tune  the  stiffness  of  tha  parallel  elements 
representing  tha  torso.  Tha  first  set  of  results  are  for  simple,  vertical  ejection,  which  la  a symmetric 
problem  and,  tharafora,  could  have  bean  studied  with  a two-dimensional  model.  Hires  caaaa  were  considered; 

1)  Vertical  ejection  with  a slow  rate  of  onset, 

2)  Vertical  ejection  with  a rapid  rate  of  onset,  and 

3)  Ejection  at  a 30°  angle  with  a rapid  rata  of  onset.  In  all  of  tha  slswlatlons,  the  maxlsmim  accele- 
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ration  waa  10  C and  vai  Mintainad  constant  for  80  milliseconds,  In  the  alow  onset,  the  maximum  acceleration 
is  reached  in  40  milliseconds  with  an  onset  rate  of  250  C/s,  while  in  the  rapid  onset,  maximum  acceleration 
is  attained  in  14  milliseconds  with  an  onset  rate  of  714  G/s. 

The  orientation  of  the  ejection  seat  with  respect  to  the  direction  of  the  acceleration  vector  is  an 
important  consideration  in  the  ejection  problem.  By  reclining  the  seat  so  that  the  acceleration  vector  has 
a slight  anterior  component  with  respect  to  the  axis  of  the  spine,  two  beneficial  effects  are  introduced: 

1)  the  acceleration  component  along  the  axis  of  the  spine  is  reduced,  and  2)  the  resulting  anterior  compo- 
nent of  the  acceleration  provides  support  for  the  spine  by  forcing  the  seatback  against  the  torso.  In  an 
ejection  at  a 30“  angle  with  a peak  acceleration  of  10  G,  8.66  G Is  along  the  axis  of  the  spine  and  the 
anterior  component  is  5 G. 

Table  3 compares  the  maximum  lumbar  forces  in  the  three  simulations . The  forces  for  the  rapid  onset 
at  a 30*  angle  and  the  slow  onsdt  at  a 0°  angle  are  of  similar  magnitudes,  while  the  rapid  onset  vertical 
ejection  exhibits  generally  higher  force  levels.  This  similarity  can  be  attributed  to  a reduction  in  the 
affective  inertial  forces  in  both  simulations.  In  the  slow  onset  simulation,  |he  effective  inertial  force 
is  reduced  by  the  decrease  in  dynamic  magnification.  In  the  rapid  onset  at  30  , a similar  reduction  in 
lnartlal  force  raaulta  from  the  action  of  the  seatback,  which  supports  part  of  the  inertial  load. 

The  maximum  acceleration  of  the  head  was  19.07  G at  60  milliseconds  for  the  rapid  onset,  18.03  G at 
72  milliseconds  for  the  slow  onset.  Thus  the  modal  predicts,  as  expected,  that  slower  retea  of  onset 
reduce  the  dynamic  magnification  of  axial  loads  and  accelerations  and  reduce  the  overall  bending  response 
of  the  spine,  though  for  these  rates  of  onset  the  dynamic  magnification  is  quite  large.  The  deformation  of 
the  complete  modal  for  the  10  C slow  onset  vertical  ejection  la  illustrated  in  Fig.  6.  It  can  be  seen  that 
the  ejection  causes  significant  additional  curvature  in  the  lower  thoracic  and  lumbar  spines. 

TABLE  3.  COMPARISON  OF  MAXIMUM  AXIAL  FORCE 
AMD  MOMENT  FCR  THREE  VERTICAL  EJECTIONS 


Axial  Force  Moment 


10^  Newtons Newton-Msters 


30° 

0° 

0° 

30° 

0° 

0° 

Disc 

Rapid 

Slow 

Rapid 

Rapid 

Slow 

Rapid 

Level 

Oncat 

Onaat 

Onaat 

Onaat 

Onaet 

Onaat 

L5-L4 

-3.50 

-3.96 

-4.27 

9.33 

8.18 

9.40 

L4-L3 

-3.39 

-3.91 

-4.24 

9.49 

10.47 

11.19 

L3-L2 

-3.26 

-3.69 

-4.03 

9.26 

10.03 

11.11 

L2-L1 

-3.03 

-3.09 

-3.68 

7.29 

7.74 

9.56 

L1-T12 

•2.89 

-3.01 

-3.32 

-10.52 

-9.06 

-11.11 

The  importance  of  the  vlacerel  representation  la  indicated  by  an  ejection  simulation  of  an  isolated 
spine  model  without  viscera  as  shown  in  Fig.  7.  As  can  ba  seen,  the  spina  buckles  draaui  tic  ally,  which  is 
quite  contrary  to  what  la  observed  experimentally.  However,  the  theoretical  consistency  of  these  results 
becomes  quite  clear  if  one  considers  that  Lucas  and  Bresler  [21]  have  experimentally  shown  the  static 
buckling  load  of  the  isolated,  ligamentous  spina  to  be  20  to  100  Newtons.  The  10  G environment  results  in 
axial  loads  of  about  4500  Newtona,  and  the  duration  is  on  the  order  of  200  milliseconds.  Hence,  it  is  not 
unexpected  that  the  isolated  spine  will  buckle  in  this  environment.  Therefore,  if  a model  is  to  have  the 
capability  of  treating  large  deflections,  it  must  include  the  viscera  and  rib  cage,  which  increase  the 
flexural  stability  of  the  torso. 

To  illustrate  the  application  of  the  model  to  another  class  of  problems,  we  will  briefly  describe  some 
preejection  alignment  studies.  In  some  ejection  systems,  prior  to  the  application  of  the  vertical  force, 
the  pilot  is  pulled  back  by  the  shoulder  belt.  There  is  some  concern  that  this  increases  the  curvature  of 
the  spine  and  that  it  may  predispose  the  pilot  to  injuries.  In  addition,  the  stresses  caused  by  preejection 
alignment  are  of  concern. 

Figure  8 shows  the  response  of  the  model  to  a preejection  reel  load:  the  belt  load  increases 
linearly  to  740  Newtons  in  100  milliseconds  and  drops  back  to  zero  by  200  milliseconds.  The  belt  force  is 
applied  to  the  spine  through  a shoulder  model  depicted  in  Fig.  9.  The  shoulders  are  here  represented  by 
rigid  bodies  that  interact  with  the  inertial  reel  belt.  The  forces  are  transmitted  from  the  pair  of 
shoulder  rigid  bodies  by  6 beam  elements  which  are  connected  to  vertebrae  Tl,  T2  and  T3.  In  this  simulation, 
Tl  was  initially  6 inches  {15  cm)  forward  from  the  seat.  The  magnitude  of  the  loads  experienced  by  the 
spine  is  indicated  in  Fig.  10,  which  shows  the  injury  potential  diagram  for  this  simulation.  This  diagram 
reflects  the  stresses  in  the  cortical  bone  at  each  vertebral  level  arising  from  the  combination  of  the 
maximum  moment  and  axial  force  during  the  simulation.  It  can  be  seen  that  the  stresses  arising  from 
preejection  alignment  alone  are  quite  moderate  compared  to  the  tolerance  of  the  vertebrae  and  hence  are 
not  likely  to  cause  vertebral  body  failure;  detalla  of  this  injury  potential  analysis  may  be  found  in 
Belytsehko  and  Prlvttser  [22], 

The  response  of  the  model  to  horizontal  accelerations  is  shown  in  Fig,  11.  Here,  the  model  was  given 
an  initial  horizontal  velocity  of  1340  em/sec  in  the  anterior  direction,  and  the  pelvis  was  then  sub-  , 

jected  to  an  acceleration  of  67,000  cm/sec2  (68. 3G).  The  pelvis  was  constrained  from  rotation  in  the 
sagittal  plane  in  a simple  effort  to  simulate  a lap  belt  restraint,  although  the  elasticity  of  the  restraint 
belt  was  not  included  in  this  simulation. 

In  the  simulation,  an  axial  expansion  wave  travels  up  the  spine  at  3000  cm/sec,  which  ia  about  the  same 
wave  speed  exhibited  In  ejection  simulations.  Peak  tensile  axial  forces  ranged  from  6.84  x 10“  dynes  at 
the  L5-S  level  to  4.165  x 10“  at  the  T3-T2  level.  As  can  be  seen  from  Fig,  11,  the  lateral  displacement 
is  somewhat  exaggerated  in  its  final  configuration.  This  is  attributed  to  two  shortcomings  of  the  model:  1 
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Figure  11  Simulation  of  frontal  crash  with  a horizontal  acceleration  or  68.3  C. 

1)  the  rotational  stiffness  of  the  'osto-vertebrel  Joints  appears  to  be  too  low  amt  2)  the  tensile  behavior 
of  the  membrane  walls  Is  not  Included  In  the  model.  However,  with  these  refinements  in  the  model  it  should 
become  feasible  to  studv  horizontal  Impart. 

Figure  12  Illustrates  a simulation  we  are  now  in  the  process  of  studying:  bird  strike  on  a canopy 
resulting  In  Impact  with  the  pilot's  heai.  The  top  part  of  the  figure  shows  the  response  of  the  flexible 
canopy  to  the  Impect  of  a 1800  gr  bird  with  a horizontal  velocity  if  25,000  cm/sec.  The  canopy  is  here 
oixf.'ied  by  plate  elements,  which  can  treat  both  geometric  and  material  nonllnearft  lea.  As  can  be  seen 
from  fig.  12,  the  bird  strike  results  In  severe  deformation  of  the  canopy  and  In  contact  between  the  canopy 
and  the  pilot's  helinot.  The  response  of  the  pilot  Is  also  depicted  In  Fig,  12,  The  impulse  Imparted  to 
the  head  is  quits  sensitive  to  Its  location  relative  to  the  canopy. 


CONCLUSIONS 

The  three-dimensional  simulation  model  for  the  dynamic  response  of  the  human  body  described  her#  has 
the  potential  for  examining  a wide  variety  of  dynamic  environments.  It  has  beet  partially  validated  by 
checking  Its  vertical  driving  point  Impedance  against  experimental  measurement*;  however,  these  Impedance 
results  are  heavily  dominated  by  the  steatopyglc  mode,  so  that  other  mode*  of  verification,  particularly 
for  Impulsive  loads  In  other  directions,  are  needed. 

Effort*  are  now  underway  to  davet  >p  similar  mixta  la  for  nonhuman  primates  so  that  more  extensive  vali- 
dation of  the  bsaic  modeling  concepts  can  ha  undertaken.  Unfortunately,  cadaver  data  for  motion  segments 
of  nonhuma  i primates  Is  presently  less  complete  than  that  for  humans.  Since  nonhuman  prjnat#  experiments 
ara  assantial  if  comptax  models  of  this  type  are  to  be  validated,  the  acquisition  of  this  data  Is  critical. 

As  can  be  seen  from  the  sUsj  1st  Ions  reported  here,  conslderal  le  development  In  modeling  technology  is 
also  needed  If  simulations  with  significant  nonaxlst  characteristics  are  to  be  successful.  The  Interaction 
of  the  spine  with  tne  viscera,  ribs  and  abdominal  walls  piay  a significant  rale  In  these  responses,  11  ion* - 
fore,  e good  understanding  oi  these  interaction  effects  is  essential, 

Soamtlmes,  thsaa  aaparts  can  be  avoided  entirely  by  the  use  of  articulated  rigid  body  models.  It  would 
be  quite  deelrable  in  the  future  to  link  deformable  element  models  such  a*  this  one  with  articulated  rigid 
body  modela  ao  that  the  impulsive  portions  of  a simulation  can  ha  treated  by  the  deformable  element  model, 
the  targe,  rigid  body  motions  by  the  articulated  models.  Hy  linking  models  appropriately  tn  this  manner, 
the  simulation  of  a larga  numbsr  of  crashworthiness  tolerance  problems  may  become  feasible. 
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DISCUSSION 


Q.  R.  ALLEN  (UK) 

Your  model  was  aimed  at  Impact  studies.  Could  it  be  used  in  principle  Tor  response 
to  whole  body  vertical  vibration? 

AUTHOR'S  REPLY  * 

The  impedance  results  described  were  a demonstration  of  the  model's  capability  for 
vibration  exposures  response  predictions.  We  have  also  tried  to  validate  our 
model  response  with  transmissiblllty  data,  but  have  found  that  the  data  available 
for  comparison  tends  to  be  very  erratic.  For  example,  we  tried  to  use  data  by 
Woods  that  was  in  a very  low  frequency  range  and  found  that  this  data  was  so 
affected  by  seat  cushion  properties  and  instrumentation  that  the  data  was  not 
reproducible,  and  we  could  thus  not  define  corresponding  simulation  conditions. 

DR.  EWING  (USA) 

It  seems  like  everybody  seizes  upon  the  question  of  voluntary  muscle  response  as 
with  questions  such  as:  Do  people  tense  their  muscles?  How  big  of  an  affect 
does  this  have?  Would  you  have  the  same  effect  If  you  were  asleep?  How  much  is 
it  possible  to  alter  the  response  If  voluntary  muscle  tensing  could  not  occur? 

With  our  experiments  that  are  verified  by  two  other  investigators  in  different 
laboratories  at  3 g a man  with  strong  muscles  can  prevent  a dynamic  response  in 
the  -x  vector.  At  4 g the  same  thing,  at  5 g maybe  1 out  of  10  can  prevent  the 
dynamic  response,  at  6 g they  are  all  Identical,  there  is  no  strong  difference. 

AUTHOR'S  REPLY 

I am  not  saying  that  the  active  response  of  the  muscles  Is  necessarily  what  Inval- 
idates models  of  this  type  in  long-time  simulations;  rather,  it  is  the  passive 
contribution  of  muscles  and  other  soft  tissues  which  are  of  Importance  In  long- 
term response  and  which  are  not  accounted  for  properly.  You  would  get  a similar 
difference  if  you  took  an  exhumed  spine,  which  Is  essentially  what  these  models 
are  with  the  rib  cage  attached,  and  compared  the  response  of  these  to  experiments 
on  an  actual  human  body  at  20  g. 
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The  bird  impact  problem  has  become  especially  critical  for  the  new  generation  of 
aircraft  canopies  such  as  the  monolithic  windshield/canopy  of  the  F-16.  It  was 
required  that  the  canopy  be  capable  of  withstanding  the  impact  of  a four-pound  bird 
while  the  aircraft  is  flying  at  350  KEAS.  Canopy  failure  modes  identified  by  testing 
were  fragmentation,  penetration  and  deflection  of  the  canopy  material.  Of  special 
concern  to  the  Aerospace  Medical  Research  Laboratory  were  the  significant  deflec- 
tions observed  as  a traveling  wave  in  the  canopy  material.  Biomedical  design  and 
evaluation  criteria  have  not  been  available  to  apply  to  this  problem.  In  order  to 
evaluate  the  degree  of  crew  protection  provided  by  various  canopy  designs,  a 
research  approach  was  developed  that  uses  mathematical  models  of  the  human 
kinematic  and  injury  response  to  extrapolate  from  data  acquired  in  the  laboratory 
to  this  highly  unusual  impact  environment.  The  approach  included  simultaneous 
efforts  to  measure  the  unique  impact  stresses  and  to  select  and  use  existing  bio- 
dynamic models  to  evaluate  the  effectiveness  of  each  new  canopy  design. 

Thirty-eight  birdstrike  tests  were  completed  by  the  USAF  during  the  period  of 
March-August  1977.  High  speed  film  data  were  analyzed  from  the  F-16  birdstrike 
test  program  to  quantitatively  define  the  deflection  motion  as  a function  of  the 
initial  test  conditions . Cre wmembe  r position  studies  indicated  probable  head  con- 
tact with  the  canopy  surface  during  birdstrike  at  comfortable  seating  positions. 
Helmet  size  and  crewmember  size  were  shown  to  have  a negligible  effect  on 
increasing  clearance  between  helmet  and  canopy.  A specially  instrumented  head- 
neck  apparatus  was  designed  and  used  in  the  test  program  to  measure  the  accel- 
erations of  the  head  and  the  impact  forces  and  moments  at  the  head  and  neck.  The 
acceleration  data  from  the  head-neck  test  apparatus  were  used  as  input  to  a head 
injury  severity  prediction  model  to  determine  the  level  of  injury  sustained  by  the 
pilot.  The  force  data  were  compared  to  known  injury  force  levels.  A second 
approach  involved  the  use  of  the  photometric  data  to  describe  the  response  shape 
and  velocity  of  the  canopy  and  inertial  properties  associated  with  the  impact  as 
a driving  input  to  a computer  model  of  the  helmeted  crewman  to  further  evaluate 
the  crewman  response  to  birdstrike. 


INTRODUCTION 

Operational  statistics  compiled  during  the  period  of  1963  through  1972  indicate  that  a total  of  3,  548 
bird/aircraft  impacts  were  recorded  by  the  USAF.  Four  hundred  and  fifteen  of  these  incidents  (11.7%) 
involved  impact  of  the  windshield/canopy  area  of  the  aircraft.  Bird  impact  occurring  in  the  windshield/ 
canopy  area  of  the  F/FB-111  aircraft  has  resulted  in  the  loss  of  five  of  the  six  US  aircraft  lost  due  to 
birdstrike.  One  Australian  F-lll  aircraft  has  been  lost  due  to  a bird  impact  on  the  windshield /canopy 
area.  These  statistics  have  been  of  considerable  concern  to  the  USAF  and  action  has  been  taken  to 
increase  the  degree  of  crew  protection  provided  by  the  windshield/canopy  materials.  Although  the  initial 
efforts  have  been  focused  on  the  F/FB-111  problem,  the  research  has  more  recently  been  broadened  to 
study  other  aircraft  systems  where  unique  impact  problems  might  exist. 

The  latest  production  USAF  aircraft,  the  F-16,  uses  an  integrated  wtndshie id/ canopy  constructed  of 
a monolithic,  polycarbonate  material  which  eliminates  the  need  for  the  conventional  metal  windshield 
frame  and  thereby  Increases  the  visual  field  of  the  pilot.  To  provide  birdstrike  protection,  the  canopy  is 
designed  to  plastically  deform  to  absorb  the  impact  energy.  Unfortunately,  under  certain  conditions  the 
bird  Impact  may  be  severe  enough  to  cause  the  canopy  materials  to  deform  into  the  space  occupied  by  the 
pilot.  The  resulting  impact  between  the  canopy  and  the  pitot  may  cause  serious  or  even  fatal  injury. 

Therefore,  the  goal  of  the  F-16  canopy  development  program  has  been  to  provide  a canopy  capable  of  with- 
standing the  impact  of  a 1.8  kg  bird  and  protecting  the  pitot  from  canopy  impact  while  the  aircraft  Is  flying 
at  a velocity  of  350  KEAS.  j 
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Biomedical  design  and  evaluation  criteria  have  not  been  available  to  apply  to  this  unique  problem. 

The  Aerospace  Medical  Research  Laboratory  (AMRL)  of  the  USAF  was  asked  to  provide  the  F-16  Systems 
Program  Office  with  criteria  by  which  the  birdstrike  resistance  of  the  canopy  could  be  assessed.  The 
ultimate  objective  of  the  research  effort  has  been  to  provide  aeromedieai  design  criteria  that  can  be  gen- 
erally applied  during  the  development  and  evaluation  of  new  aircraft  canopy  designs  for  both  current  and 
future  aircraft.  However,  the  emphasis  of  this  paper  is  on  the  effort  that  has  been  accomplished  within 
the  cost  and  schedule  constraints  of  the  F-16  canopy  development  program. 

It  was  clear  that  proven  measuring  techniques  and  established  biodynamic  models  had  to  be  used  to 
remain  within  the  F-16  program  constraints.  Furthermore,  the  injury  criteria  haa  to  be  comprehensive 
enough  to  describe  levels  of  injury  ranging  from  short  period  disruption  of  the  pilot  psychomotor  perfor- 
mance capability  to  frank  major  injury  such  as  skull  fracture. 

Initial  efforts  were  devoted  to  an  investigation  of  available  bird  impact  testing  techniques.  Test 
methods  used  to  impact  aircraft  canopies  were  reviewed  with  the  primary  emphasis  placed  on  evaluation 
of  existing  measurement  techniques,  description  of  their  limitations  and  the  potential  for  their  improve- 
ment. Measurement  of  the  canopy  response  was  found  to  be  best  accomplished  by  use  of  high-speed  motion 
picture  photography  although  the  accuracy  of  this  technique  left  much  to  be  desired. 

Measurement  of  the  response  of  the  impacted  crewmember  was  a major  problem.  The  initial  experi- 
mental efforts  accomplished  by  airframe  contractors  utilized  anthropometric  dummies  or  specially  instru- 
mented headforms.  The  data  collected  from  tests  with  the  anthropometric  dummies  were  of  little  value 
since  the  dynamic  response  properties  of  the  dummies  were  unknown  and  the  instrumentation  within  the 
dummies  was  very  limited.  The  special  headform  devices  were  similarly  unacceptable  since  these  devices 
contained  elastic  structural  elements  of  unknown  dynamic  response  characteristics  and  the  instrumentation 
had  aiso  been  limited.  Furthermore,  the  headform  device  could  not  simulate  the  interaction  between  the 
head-neck  system  and  the  torso  dynamics.  To  partially  resolve  this  problem,  a specially  instrumented 
and  calibrated  headform  was  designed  by  AMRL.  This  device  is  instrumented  with  accelerometers  to 
measure  the  acceleration  of  the  headform.  The  impact  forces  and  moments  reacted  through  the  neck  of 
the  head-neck  system  are  measured  by  an  array  of  six  force  cells.  This  device  is  shown  in  Figure  1.  An 
approach  was  still  required  to  determine  the  interaction  between  the  head,  neck  and  torso.  Moreover,  an 
approach  was  required  to  analyze  existing  canopy  test  data  and  to  provide  a design  tool  to  analytically 
evaluate  the  influence  of  factors  such  as  pilot  position,  helmet  thickness,  etc. 


Figure  1.  Instrumented  Head-Neck  Apparatus 
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In  order  to  establish  an  analytical  procedure  to  evaluate  the  effects  of  the  impacting  canopy  on  the 
crewmember,  five  candidate  approaches  were  reviewed.  These  were: 

1.  Characterization  of  the  aircraft  canopy  and  cnwmember  in  terms  of  finite  element  models. 

2.  Use  of  a chain  model  similar  to  the  three  dimensional  Calspan  model  to  represent  the  human 
body.  The  canopy  deformation  wave  impacting  the  i rewman  would  bo  represented  as  a geometric  object. 

3.  The  canopy,  the  head-neck  inertial  res  {ton  se  characteristics  and  the  injury  response  of  the 
crewmember  would  all  be  represented  by  lumped  parameter  models. 

4.  Acceleration,  forces  and  moments  measured  by  the  Instrumented  headfonn  device  would  lie 
evaluated  using  waveform  evaluation  methods  such  as  the  ('.add  Severity  Index  (SI)  and  the  Head  Impact 
Criteria. 

5.  Measurements  made  with  the  instrumented  headform  device  would  be  compared  to  available 
human  tolerance  data  collected  under  specific  test  conditions. 

Each  of  Ute  candidates,  of  course,  had  specific  advantages  and  disadvantages.  The  finite  element 
modeling  approach  was  attractive  from  a long  range  point  of  view  since  the  Air  Force  Flight  Dynamics 
Laboratory  was  sponsoring  a research  effort  to  model  the  aircraft  canopy  using  this  technique.  Never- 
theless, the  approach  was  complex  and  human  impact  response  models  of  this  type  were  nowhere  near 
the  point  of  validation  with  experimental  data  and  correlation  with  impact  tolerance  limits.  The  cliain 
modeling  approach  offered  many  advantages;  the  most  pronounced  of  these  being  availability,  some 
validation  with  human  Impact  experimental  results,  and  the  relative  ease  with  which  the  computer  pro- 
gram could  be  modified  to  meet  the  objectives  of  this  program.  Its  primary  disadvantage  was  that  it 
could  not  be  used  to  determine  if  injury  limits  had  been  exceeded.  The  modified  three  dimensional 
Calspan  model,  a chain  model  used  by  AMHL,  hereafter  referred  to  as  the  Articulated  Total  Body  Model 
(ATHM),  was  available  and  could  be  used  to  predict  whole  body  inertial  and  kinematic  responses. 

Lumped  parameter  modeling  approaches  were  approached  with  rautiun.  From  the  standpoint  of 
biomedical  applications,  they  are  often  ove i simplifications  of  human  body  subsystems  and  injury 
responses.  Nevertheless,  the  lumped  parameter  model  referred  to  as  the  Maximum  Strain  Criteria 
(MSC)  head  injuty  model  developed  by  Stalnaker  was  available  and  had  several  especially  attractive 
features.  First,  relatively  large  amounts  of  human  and  animal  experimental  data  had  been  used  to 
develop  the  model  parameters.  Second,  the  model  could  be  used  to  calculate  levels  of  Injury  which  had 
been  correlated  with  experimental  pathology.  Additionally,  the  model  had  been  developed  specifically 
for  the  study  of  the  effect  of  direct  impact  to  the  head  for  cases  of  both  frontal  and  lateral  impact. 

Waveform  evaluation  methods  were  considered  initially  and  had.  In  fact,  been  used  to  analyze  some 
of  the  early  birdstrike  data  collected  during  the  development  of  a new  F-lll  canopy;  however,  these 
methods  presented  extreme  limitations  in  the  F-fC  application.  The  most  critical  limitation  was  the  fact 
that  the  available  systems  such  as  the  Gadd  SI  method  evaluate  the  effect  of  the  impact  in  terms  of  an 
absolute  limit,  an  SI  of  1,  000,  which  is  assumed  to  be  related  to  occurrence  of  linear  skull  fracture. 

The  authors  are  not  aware  of  any  attempt  to  correlate  the  SI  with  other  levels  of  injury. 

The  empirical  approach  offered  no  advantages  and  was  included  In  the  study  for  completeness  only. 

The  selected  approach  was  a combination  of  several  of  the  candidate  approaches.  Briefly,  llie 
approach  Included: 

1.  Use  of  the  ATBM  to  calculate  the  dynamic  inertial  and  kinematic  response  of  the  human  body. 

2.  Modification  of  the  ATBM  to  include  an  analog  of  the  flight  helmet  which  could  be  used  to  deter- 
mine the  effect  of  the  helmet  shell  and  liner  on  the  transmission  of  impact  forces  to  the  human  head. 

3.  Analysis  of  photometric  data  collected  during  birdstrike  tests  to  develop  impact  forcing  functions 
to  be  used  to  calculate  the  response  of  the  ATBM. 

4.  Use  of  the  ATBM  head  acceleration-time  history  to  drive  the  MSC  head  injury  model  and  thereby 
determine  strain  level, 

5.  Measurement  of  the  forces,  momentr  and  accelerations  at  the  center  of  gravity  (CO)  of  the  head 
and  neck  using  a specially  Instrumented  headform  for  comparison  with  the  calculated  head  and  neck 
response  of  the  ATBM. 

6.  Use  of  ATBM  calculations,  validated  with  the  experimental  measurements,  were  then  related 
to  injury  criteria  describing  rotational,  and  translational  acceleration  and  velocity  limits  and  head-neck 
forces  and  moment  limits. 

This  approach  was  ths  most  likely  to  be  able  to  evaluate  the  Influence  of  the  Interrelationships  of 
parameters  such  as  the  Initial  position  of  the  crewman's  head,  bird  size,  bird  impact  veloctty,  canopy 


The  first  objective  of  the  analytical  effort  was  the  development  of  the  quantitative  descriptor  of 
the  characteristics  of  the  aircraft  canopy  at  the  point  of  impact  with  the  crewmember's  helmet.  The 
parameters  necessary  for  analysis  were  canopy  curvature,  velocity  and  compliance.  Data  collected 
during  38  tests  conducted  for  the  F-16A  alternate  canopy  design  program  at  the  Arnold  Engineering 
Development  Center  and  at  the  General  Dynamics  Corporation  were  made  available  for  analysis.  These 
data  consisted  of  high-speed  motion  picture  films  collected  during  the  bird  impact  tests.  The  tests  were 
conducted  with  bird  masses  of  approximately  .9,  1.4  and  1.8  kg  impacting  the  canopy  at  velocities  rang- 
ing from  123  to  363  knots.  Figure  3 shows  the  F-16  canopy  with  the  head  and  neck  test  apparatus  in 
place  prior  to  impact  tests. 
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Using  photometric  analysis  techniques,  the  value  ol  the  maximum  canopy  deflection  was  determined 
and  the  average  wavespeed  from  the  point  of  maximum  deflections  to  the  head  location  was  calculated. 

The  results  are  plotted  In  Figures  4 and  5.  I'he  displacements  that  are  plotted  in  Figure  4 are  those  of 
the  interior  of  the  canopy  relative  to  the  original  undeformed  canopy  center  line  as  seen  in  a side  view. 
The  plot  of  maximum  amplitude  appears  to  be  bilinear  whereas  the  amplitude  of  the  deformation  measured 
with  respect  to  aircraft  station  140.0,  the  verti.  al  axis  on  which  the  design  point  of  the  pilot's  eye  is 
located,  Is  nearly  linear  with  kinetic  energy.  The  maximum  amplitude  of  the  canopy  deformation  was 
greater  than  12.7  cm  at  large  energy  levels  for  even  the  thickest  canopy  that  was  tested. 


Figure  4.  Vertical  Deformation  at  Sta  140.0  vs  Kinetic  Energy  of  Bird  for  1.27  cm  Thickness 
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Figure  5.  Wavespeed  vs  K.E. 


AlOo 


Figure  5 indicates  that  the  speed  of  the  canopy  deformation  wave  may  decrease  with  increased 
kinetic  energy.  This  is  attributed  to  the  fact  that  at  higher  impact  velocities  the  bird  is  disintegrated  in 
a very  short  period  of  time.  The  impact  is,  therefore,  impulsive  in  nature  and  permits  the  canopy  to 
respond  in  a free -vibration  mode  rather  than  as  a forced  response  as  exists  at  lower  impact  speeds.  At 
the  highest  impact  speeds,  the  canopy  deformation  wave  is  traveling  at  less  than  one-fifth  the  impact 
speed  of  the  bird. 

A further  purpose  of  die  analysis  was  to  determine  the  compliance  of  the  canopy.  Published  data 
collected  by  impacting  birds  against  Instrumented  plates  provided  an  approximate  means  of  estimating 
the  peak  force  and  waveform  associated  with  the  impact.  A study  of  the  motion  picture  films  revealed 
that  the  maximum  normal  deformation  of  the  canopy,  as  a function  of  time,  could  be  well  approximated  by 
a half-sine  pulse.  Having  the  impact  forcing  function  and  assuming  that  the  output  was  indicative  of  the 
response  of  a simple  spring-mass  system,  it  was  possible  to  calculate  the  stiffness  and  the  inertia  of  a 
model  which  would  duplicate  the  observed  impact  and  response. 

Based  upon  cockpit  drawings  of  the  F-16  as  well  as  data  available  on  seat  adjustment,  visual  require- 
ments and  anthropometric  data,  analyses  were  conducted  to  establish  the  location  of  the  aircrewman  rela- 
tive to  the  canopy  and  selected  design  eye  points.  The  results  were  presented  in  terms  of  envelopes  of 
helmet  volume  as  functions  of  aircrewman  size  and  seat  location. 

DEFINITION  OF  HELMET  PROPERTIES 

The  stiffness  of  the  helmet  was  determined  by  a series  of  impact  tests  using  standard  HGU-22/P 
helmets  with  foam  and  fitting  pad  liners.  Accelerations  measured  within  the  metal  headform  used  for 
these  tests  were  doubly  integrated  to  obtain  deformations  across  the  helmet  shell  and  liner  as  a function 
of  time.  These  data  were  plotted  to  create  the  force-displacement  curves  shown  in  Figure  6.  These 
indicate  a slight  difference  in  the  form  of  the  curve  due  to  the  location  of  the  point  of  impact,  and  due  to 
the  shape  of  the  anvil  on  which  the  headform  was  impacted.  The  curve  shown  in  Figure  7 was  used  to 
describe  the  force  displacement  curve  of  the  helmet  liner.  From  the  data  that  were  available,  it  was 
assumed  that  the  liner  thickness  could  be  described  as  varying  from  2.5  cm  at  the  brow  to  3.2  cm  at  the 
crown. 
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Figure  6.  Force  D. : 'mation  Curves  from  Drop  Tests  on  HGU-22/P,  with  Fitting 
Pads,  Helmet  Impact  Velocity  of  3.99  Meter/Sec  onto  Flat  Anvil 
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Figure  7.  Force  Deformation  Curves  from  Drop  Test  Data  on  HGU-22/P  Styrofoam, 

Insulite  It  Foam  Helmets  Impact  Velocities  of  4.95  & 5.15  Meter/Sec 

HEAD  AND  NECK  CHARACTERISTICS 

The  ATBM  of  the  human  can  only  duplicate  the  response  of  the  human  body  to  impact  If  the  proper 
input  coefficients  are  specified.  During  the  initial  phase  of  the  analysis,  the  ATBM  was  configured  to 
reflect  the  response  of  a 95th  percentile  anthropometric  dummy.  As  published  biomechanical  data  became 
available,  the  coefficients  used  were  compared  with  those  developed  to  match  human  responses.  The 
report  of  Schneider,  et  al,  was  particularly  applicable  since  coefficients  for  an  analytical  model  of  the 
human  head  and  neck  had  been  developed  to  duplicate  the  head  kinematics  of  18  subjects.  Fuithermore, 
the  coefficients  were  for  a model  having  similar  body  segments  and  Joints  as  the  ATBM.  The  coefficients 
developed  by  Schneider  were  compared  with  those  being  used  at  AMRL  and  it  was  found  that  the  differences 
were  negligible.  Hence,  the  values  of  stiffness  and  damping  for  the  joints,  mass  and  mass  moments  of 
inertia  for  the  segments  are  in  agreement  with  those  known  to  duplicate  observed  head  and  neck  response. 

INJURY  LIMITS  AND  INJURY  MODEL 

Many  sources  cf  injury  criteria  were  reviewed  to  establish  parameter  value  limits  that  could  be  used 
in  the  Injury  model.  Many  investigators  have  published  results  related  to  particular  parameters  such  as 
head  acceleration,  head  velocity  change,  or  head  rotational  velocities.  But  selecting  the  MSC  model  as  a 
means  of  evaluating  the  effect  of  waveform  dictated  the  need  to  select  a particular  strain  as  a limit.  Addi- 
tionally, strain  values  were  required  to  be  assigned  to  specific  injury  scale  levels  as  appropriate  to  the 
blrdstrike  application. 

Stalnaker's  work  was  analyzed  io  determine  an  acceptable  strain  level  as  indicative  of  concussion. 
The  original  strain  value  of  .0061  cm/cm  was  selected  based  upon  experimental  data  collected  at  an  Injury 
scale  level  of  3,  "marginal  as  to  whether  injury  is  reversible  (i.e, , results  in  permanent  disability  of 
tion  or  structure).  " This  Injury  level  was  obviously  too  severe  for  the  F-16  application.  The  data 
were  reviewed  and  tlie  procedure  established  by  Stalnaker  was  followed  to  determine  a strain  level  com- 
parable to  an  injury  scale  value  of  1,  'ho  injury-minor  injury. " By  using  the  "no  injury"  data,  finding 
appropriate  scaling  parameters,  and  then  relating  the  scale  value  to  attain,  a value  of  .0022  was  deter- 
mined. A plot  of  constant  value  strain  at  .0022  is  shown  in  Figure  8 with  the  values  of  .0061  and  .00329. 

It  was  realized  that  a strain  of  .0022  would  create  extremely  severe  restrictions  on  the  acceleration 
environment  permitted.  The  strain  level  for  no  Injury  is  too  conservative  and  that  for  marginal  injuries, 
too  severe. 
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Figure  H.  MSC  Variations 

Data  were  collected  from  many  sources  to  relate  measured  injury  to  a parameter  which  could  be 
related  to  translational  acceleration  and  plotted  upon  the  existing  MSC  tolerance  curves.  Data  were 
available  from  head  impact  experiments,  whole  body  experiments,  and  theoretical  studies.  The  criteria 
for  injury  ranged  from  skull  fracture  to  brain  shear  stress  and  normal  pressure.  All  results  were  related 
to  the  deceleration  pulse  which  created  the  ’Injury"  and  were  plotted  on  Figure  9.  The  plotted  points 
indicate  that  indeed  above  a strain  of  .0061,  all  points  were  considered  "injurious.  " All  points  below 
.0022  are  "noninjurious.  " Consequently,  it  was  necessary  to  establish  some  level  between  the  two  which 
could  be  acceptable.  The  value  selected  was  .00329  for  two  reasons.  First,  the  only  points  of  intolerable 
head  response  that  are  below  that  strain  limit  are  those  generated  by  theoretical  models,  not  experimental 
data.  The  points  above  the  limit  are  points  of  observed  skull  fracture.  Secondly,  the  strain  value  of 
.00329  was  originally  established  by  Stalnaker  and  McElhaney  using  the  Riband  point  (a  rectangular  pulse 
of  50  G and  45  milliseconds)  as  the  "survival"  acceleration  pulse. 
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Figure  9,  Compilation  erf  Translational  Data  with  Approximate  Boundaries  for  Tolerable  Response 
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The  value  of  strain  selected  and  the  models  evolved  from  measured  data  establish  tolerance  curves 
for  both  longitudinal  and  lateral  head  impacts.  These  are  shown  in  Figure  10.  Both  assume  tliat  injury 
is  related  to  an  ‘dealized  strain  between  "model"  elements  of  skull  and  brain,  and  that  limiting  brain 
strain  is  independent  of  the  direction  of  impact. 


Figure  10.  Maximum  Strain  Criterion  Curve  for  Human  Lateral  Head  Impact 
INCORPORATION  OF  CHARACTERISTICS  INTO  AN  ATBM  REPRESENTATION 

Use  of  the  ATBM  requires  that  all  body  seinent  joints,  Impact  surfaces,  and  their  mutual  stiffnesses 
be  defined.  The  canopy  was  described  as  a deformation  wave  traveling  at  a given  speed  and  angle  to  the 
horizontal.  This  was  duplicated  by  having  the  occupant  translating  forward  and  the  canopy  deformation 
wave  moving  upward  at  the  time  of  impact.  The  location  of  the  deformation  wave  was  established  by 
specifying  a particular  interference  between  a nondeforming  sphere  and  helmet  shell.  Since  the  shell  was 
of  a fixed  radius  in  the  sagittal  plane,  and  the  direction  of  the  deformation  wave  was  specified,  the  location 
of  the  center  of  gravity  of  the  deformation  wave  was  established  such  that  the  deformation  wave  and  helmet 
touched  at  the  beginning  of  each  computer  run.  The  maximum  interference  between  the  two  identifies  the 
computer  run  being  examined. 

The  stiffness  required  for  analysis  was  constructed  by  assuming  that  the  characteristics  of  defor- 
mation wave  and  shell  act  in  series.  The  two  stiffnesses  generate  one  force-displacement  curve  which  was 
enteied  into  the  computer  program.  This  dictates  the  kinetic  res|X>nse  between  the  canopy  deformation 
wave  and  the  helmet  shell. 

The  shell  was  duplicated  by  an  ellipsoid  having  the  curvature  of  a helmet  and  seja rated  from  the 
head  by  a varying  liner  thickness.  The  head  used  had  inertial  properties  indicative  of  a 05th  percentile 
airrrewman,  and  had  head-neck  and  neck-torso  elasticity  and  damping  coefficients  comparable  to  those 
developed  by  Schneider.  The  torso  was  that  of  the  95lh  percentile  Individual. 

RESULT 8 OF  ANALYSIS 

Many  computer  runs  were  made  to  study  the  response  of  the  helnieted  head  to  selected  Inputs. 

Before  the  model  of  the  canopy  had  been  evolved,  empirical  data  were  available  In  terms  of  displacement 
of  the  canopy  normal  to  Its  centerline  as  a function  of  applied  force  at  the  impart  (mint.  For  the  1.6  cm 
thick  canopy,  the  apparent  stiffness  was  approximately  1.09  x 10”  N m.  This  value  was  used  with  the 
helmet  test  data  to  generate  a force-displacement  curve.  Runs  were  made  using  this  stiffness  to  deter- 
mine the  crewman's  response  In  terms  of  Injury  criteria  parameters. 
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The  calculated  outputs  from  the  computer  runs  provide  several  interesting  results.  First,  theo- 
retical interference  ana  computed  crush  or  displacement  do  differ  significantly  at  large  input  values  of 
interference.  Secondly,  injury  criteria  values  versus  crush  indicate  that  the  differences  do  not  signifi- 
cantly alter  the  interpretation  of  tolerability.  That  is.  if  a biidstrike  results  in  a canopy  deformation 
wave  that  would  create  3.2  cm  of  interference,  the  resulting  crush  is  nearly  the  same. 

Tabulated  results  clearly  show  that  any  interference  of  greater  than  the  least  values  computed,  is 
excessive.  There  is  little  doubt  that  the  kinematics  of  the  head  due  to  helmet  crush  depths  of  greater 
titan  3.2  cm  are  intolerable.  The  question  then  becomes  one  of  examining  the  responses  at  crush  depths 
of  nearly  2.5  cm. 

For  the  two  birdstrikes  at  3 cm  of  interference,  the  acceleration  waveforms  were  used  as  inputs 
to  the  MSC  model  to  compute  the  longitudinal  strain.  This  can  be  easily  accomplished  manually  since 
the  MSC  model  is  a lightly  damped  (damping  ratio  of  0.028)  system  and  the  peak  strain  occurs  in  the 
first  3 milliseconds.  The  response  of  a lightly  damped  single  degree  of  freedom  system  to  a linear 
acceleration  change  is  a relatively  simple  expression  containing  the  period  and  natural  frequency  of  the 
model  as  well  as  the  acceleration  rate  and  skull  reference  !e;.bth.  The  waviforms  examined  were  approxi- 
mated by  line  segments  and  the  strain  of  each  segment  was  summed  uc:r~  superposition  to  calculate  the 
maximum  strain. 

For  the  waveforms  selected,  the  strain  value  is  .003  cm/cm  which  is,  according  to  the  current 
criteria,  tolerable,  Examination  of  the  greater  crush  depth  waveforms  makes  it  apparent  that  the  other 
listed  would  greatly  exceed  the  tolerable  strain. 

Other  aspects  of  the  birstrike  phenomena  that  were  examined  using  the  model  were  the  effects  of 
the  presence  of  a helmet  visor  and  a headrest.  Both  were  merely  extensions  of  the  developed  model. 

For  the  visor,  it  was  necessary  to  conduct  laboratory  e periments  to  measure  the  force  displacement 
characteristics  at  many  points.  With  this  information,  the  stiffness  at  the  impact  point  was  then  gen- 
erated by  combining  the  stiffness  of  the  canopy,  helmet  and  visor. 

The  longitudinal  acceleration  of  the  head  as  modified  by  the  visor  is  seen  in  Figure  11.  This  is 
indicative  of  Hie  response  due  to  3 cm  interference  with  a stiff  canopy.  Although  the  presence  of  the 
visor  has  reduced  the  peak  value  of  the  acceleration,  the  calculated  strain  for  both  has  the  same  magni- 
tude. The  increase  in  interference  is  apparently  offset  by  the  softness  of  the  visor. 


Figure  11.  Head  Acceleration  Generated  with  and  without  Vieor 

The  reeulta  that  are  presented  are  always  related  to  original  interference.  This  was  done  eo  that 
the  applicability  of  the  reeulta  would  not  be  restricted.  No  effort  wa>  made  to  relate  the  interference  to 
clearance  within  the  F-16  canopy.  This  was  done  so  that  the  reeulta  could  be  uaed  to  go  first  from  injury 
to  interference  and  then  clearance.  If  an  impact  is  tolerable,  and  the  Interference  la  3 cm,  then  one  can 
return  to  a cockpit  drawing  with  aelected  percentiles  of  men  it  selected  seat  positions,  and  determine 
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what  the  acceptable  clearance  would  be.  Foi  example,  during  a study  of  crew  position  for  the  F-16, 
crewmen  head  positions  were  established  for  analysis  purposes  for  5th»  50th  and  95th  percentile  air- 
crewman  seated  at  low.  mid  and  upjser  seat  position.  The  head  positions  were  established  by  placing  an 
anthropometric  model  in  the  seat  and  attempting  to  locate  the  crewman  in  the  most  comfortable  position 
based  upon  head  tilt  and  back  support.  With  seat  adjusted  full  up,  the  helmet  position  is  such  that  an 
interference  of  3 cm  would  require  a deflection  of  about  4.6  cm  for  a 1.6  cm  thick  canopy.  If  another 
position  were  selected  as  being  critical,  the  interference  can  be  added  to  the  helmet  shell  location  and 
the  depth  oi  deflection  established. 

•SUMMARY  OF  EFFORT 

The  purpose  of  the  eltort  was  to  develop  an  analytical  model  of  the  birdstrike  phenomena.  As  such, 
the  model  had  to  reflect  the  characteristics  of  the  canopy,  helmet,  head  and  headrest  as  they  influence 
one  another.  It  was  not  sufficient  to  just  have  a model  of  each  and  subject  them  to  selected  impacts.  The 
model  had  to  reflect  tl  c>  interaction  between  all  elements.  Additionally,  it  was  desired  to  be  able  to  com- 
pare the  kinetic  outputs  of  the  model  with  injury  criteria  parameteis  and  have  some  means  of  overcoming 
the  problem  of  acceleration  waveform  evaluation.  The  purpose  of  the  effort  W3S  achieved  in  that  the 
ATBM  model  In  conjunction  with  the  MSC  model  was  used  to  simulate  the  total  birdstrike  process. 

The  ATBM  model  has  the  capability  to  reflect  the  kinetic  process  studied  if  adequate  informal  Tm  is 
available.  Specifically,  test  data  are  needed  to  establish  the  compliance,  speed  and  direction  of  the 
canopy  deflection.  Also  needed  are  force  displacement  measurements  front  the  helmet  impact  tests  and 
headrest  tests.  These,  in  conjunction  with  biomechanical  data  for  the  inertial,  elastic  and  viscous  eha.- 
actertstics  of  the  human,  can  provide  a realistic  means  of  studying  the  overall  system  response  from 
both  a kinetic  and  injury  potential  viewpoint. 
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SUMMARY 

The  published  data  on  the  mechanical  properties  of  cancellous  bone  was  found  ta  be  an  Inadequate  base  front  which 
to  predict  the  mechanical  tolerance  of  vertebral  cancellous  bone  as  no  information  Is  available  on  the  behaviour  In  shear . 
In  order  to  define  a teallstlc  criterion  of  failure,  the  compression  and  shear  characteristics  of  human,  vertebral , 
cancellous  bone  were  Investigated.  To  produce  shear,  torsion  tests  were  used  and  the  atmospheric  environment  during 
the  tests  was  controlled  to  simulate  physiological  conditions.  A rational  mathematical  characterisation  of  the  bone  was 
developed  to  enable  a realistic  failure  criterion  to  be  established,  encompasring  the  large  biological  variation  of  the 
results.  The  mechanical  characteristics  of  the  bone  are  complex  but  on  elementary  consideration  of  anisotropy  led  to  a 
characterisation  that  would  appear  to  be  sufficient.  In  order  to  produce  a mote  definitive  mathematical  characterisation 
rno^e  detailed  investigation  of  the  structure  of  vertebral  ccncellous  bone  and  Its  anisotropy  must  be  conducted,  but  It  is 
doubtful  whether  this  will  produce  more  practically  pertinent  information. 

shear  stress 
shear  stress  at  yield 
shear  strain 
shear  strain  at  yield 
mmol  stress 
normal  stress  at  yield 
namal  strain 

strain  energy  per  unit  volume 

INTRODUCTION 

In  *ife,  vertebral  bodies  are  subject  to  complex  loading  patterns.  The  comprealve  forces  transmitted  through  the 
end  plates  ore  compounded  by  shear  forces  resulting  from  translation  ond  rotation  of  neighbouring  bodies.  Mechanical 
failure  of  vertebra,  although  not  uncommon,  is  nor  readily  predictable,  but  Its  consequences  can  be  catastrophic. 

Over  the  past  100  years  same  of  the  mechanical  characteristics  of  human  vertebrae  have  been  extensively 
Investigated  ; In  particular  the  compressive  ond  teralle  properties  of  the  bone  have  received  much  attention  and  both 
Evans,  F.G.  on<j  Yamada  , H.  ^ have  produced  excellent  reviews  of  this  work.  In  contrast,  the  only  reference  to 
the  shear  properties  of  cancellous  bone  in  the  literature  appears  to  be  the  torsional  study  of  Sonada , T.P^  who  obtained 
values  for  the  breaking  moment  of  intact  vertobral  bodies. 

Much  of  this  work  hos  been  conducted  on  Intact  vertebral  bodies  ond  the  results  cannot  be  directly  related  to  the 
cancellous  bone  within  the  bodies  because  of  the  cortical  bone  which  encases  them. 

The  experiments  which  have  been  conducted  on  purely  cancellous  bone  from  human  vertebrae  show  clear  evidence 
of  topographic  differences  in  the  compressive  strength . However , there  is  a wide  variation  in  published  values  which 
Is  probably  attributable  in  part  to  the  differing  experimental  techniques  employed. 

The  accumulated  data  Is  an  Insufficient  base  from  which  to  predict  the  mechanical  tolerance  of  cancellous  bone . 

In  order  to  define  a realistic  criterion  of  failure,  an  Investigation  was  Initiated  Into  the  compressive  and  shear 
characteristics  of  cancellous  bone  and  their  topographic  voriation. 

The  shear  characteristics  were  studied  by  means  of  torsion  tests  because  this  method  produces  simply  distributed, 
homogeneous  shear  without  the  complication  of  compressive  forces  which  could  be  Introduced  by  other  methods. 

PREPARATION  OF  THE  SPECIMENS 

In  order  to  conduct  tests  on  fresh  specimens  of  bone,  sections  of  lumbar  spine  consisting  of  two  or  more  vertebrae 
were  obtained  from  routine  post  mortems  within  a few  hours  of  death.  If  not  used  Immediately  for  experimentation, 
the  specimens  were  stored  at  approximately  *20  C . There  is  evidence  that  storage  at  Ms  temperature  does  not 
substantially  affect  the  mechanical  properties  of  bone W. 

For  torsion  tests  a single  vertebrae  was  first  separated  from  the  vertebral  column  ond  the  neural  arch  was  removed 
leaving  just  the  centrum. 
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A central  rectangular  block  of  bone  was  then  separated  out  and  divided  Into  16  specimens  of  approximate 
dimensions  10  mm  x 10  mm  x 15  mm  (Fig,  1). 

Each  specimen  was  then  cemented  Into  brass  mounting  cups  with  bone  cement  (Acrullte-Microtech  Type  A), 

Brass  cups  were  used  to  conduct  heat  away  from  the  specimens  as  the  bone  cement  cured.  Before  the  cement  hod 
completely  cured,  the  alignment  of  the  mounting  cups  was  checked  by  positioning  the  specimen  in  a Jig  which  was 
subsequently  used  to  machine  them.  The  specimens  were  rotated  in  the  jig  and  machined  to  a regular  cylindrical 
section  using  a special  tool . The  tool  has  the  ends  of  the  cutting  edges  radiused  in  order  to  produce  the  specimen  shape 
required  to  reduce  stress  concentrations  occurring  at  the  ends  of  the  specimens  (Fig.  2). 

The  apparatus  used  for  the  machining  had  to  be  specially  made  to  comply  with  local  safety  regulations  concerning 
the  handling  of  human  tissues.  The  machining  jig  was  built  to  allow  the  specimens  to  be  rotated  whilst  providing 
support  for  the  mounting  cups  to  reduce  bending  stresses  during  the  machining  process. 

A very  slow  speed  of  machining  was  used  as  there  is  evidence  that  slow  machining  of  wet  specimens  of  bone  does 
not  significantly  change  their  mechanical  properties  (2). 

The  specimen  dimensions  were  a compromise,  the  upper  limit  on  size  being  dictated  by  the  body  dimensions.  The 
lower  limit  for  the  diameter  of  the  specimens  was  dependent  on  the  maximum  trabecular  spacing  of  the  bone  which 
appeared  to  be  of  the  order  of  1 mm.  The  length  of  the  specimen  was  chosen  to  reduce  end  effects  from  the  torsion 
test  and  allow  heat  from  the  bone  cement  to  be  dissipated  without  affecting  that  part  of  the  specimen  under  test. 

For  these  reasons  the  specimen  size  was  chosen  as 

Test  section  5 mm  in  length  x 5 mm  diameter 

Whole  length  15  mm  (see  Fig.  2) 

For  the  compression  tests,  cylindrical  specimens  (10  mm  diam.  x 10  mm)  were  removed  from  the  central  block, 
cemented  onto  brass  cups  and  allowed  to  set  with  the  end  faces  of  the  cups  parallel  in  an  attempt  to  produce  a uniform 
stress  distribution  during  the  tests. 

TEST  CONDITIONS  AND  PROCEDURES 

Throughout  the  preparation  and  testing  procedures,  great  core  was  taken  to  ensure  that  the  bone  specimens  were 
maintained  in  a high  humidity  environment. 

The  preparation  could  not  be  undertaken  inside  the  available  controlled  environment  chamber,  and  so  whenever 
the  specimens  were  not  being  handled  they  were  kept  in  individual  plastic  bottles,  which  prevented  them  from  losing 
moisture.  Prior  to  test  the  bottles  were  kept  in  the  environment  chamber  so  as  to  maintain  their  temperature  close  to 
37°C. 

In  order  to  simulate  physiological  conditions,  the  testin^procedures  were  conducted  in  the  chamber  which 
maintained  an  atmosphere  of  saturated  water  vapour  at  37°C  - J°.  It  was  not  possible  to  measure  100%  relative 
humidity  but  the  electronic  hygrometer  used  consistently  measured  99%  + r.h. 

To  discover  whether  the  chamber  was  effective  at  preventing  fluid  exchange  to  and  from  tho  specimens.  Initial 
tests  were  conducted  to  investigate  the  weight  change  of  specimens  left  In  the  chamber. 

Specimens,  initially  at  room  temperature,  put  Into  the  chamber  at  99%  + relative  humidify  and  37° C - J°C 
gained  approximately  2%  of  their  initial  weight  due  to  condensation,  but  reached  an  equilibrium  after  10  minutes. 

No  further  -hange  was  then  recorded  after  another  hour  in  the  chamber. 

A specimen  which  had  been  allowed  to  equllibrlate  thermally  in  a plastic  bottle  first,  showed  no  change  of  weight 
at  all  within  the  first  30  minutes  exposure  In  the  chamber. 

To  produce  measurable  torsion  in  a specimen  using  a conventional  tension  test  machine  (Instron  TTDM),  a test  rig 
was  designed  to  translate  the  linear  motion  into  pure  rotation  applied  to  the  specimen,  without  significant  deformation 
of  the  rig  itself. 

For  the  torsion  tests,  prepared  specimens  were  put  into  the  controlled  environment  chamber  inside  plastic  bottles 
for  at  least  10  minutes  in  order  to  allow  them  to  reach  the  temperature  in  the  chamber.  They  were  then  positioned  In 
the  test  rig  and  taken  to  failure  in  torsion  at  a strain  rate  of  0.03  rad/mln. 

For  the  compression  tests,  after  temperature  equilibration,  the  cylindrical  specimens  were  taken  to  failure  in  the 
Instron  test  machine  at  o strain  rate  of  0.05/mln. 

RESULTS 

The  shear  stress  and  strain  at  yield  was  calculated  for  each  specimen  from  every  vertebral  sample.  The  only 
apparent  topographic  differences  were  that  the  shear  stresses  nt  yield  were  generally  lower  for  the  superior  (top) 
half  than  for  the  inferior  (bottom)  half  of  the  vertebral  bodies.  This  is  demonstrated  in  Fig,  3,  where  the  mean  values 
for  the  shear  stress  are  plotted  against  the  mean  values  for  shear  strain  for  all  the  specimens  from  the  top  and  bottom 
positions  respectively. 
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The  mean  value*  for  ilieai  stress  at  yield , shear  strain  at  yield  and  an  approximate  shear  modulu*  for  the  top  and 
bottom  section*  of  each  vertebral  boa,,  aie  shown  In  Toble  I . 

Combining  the  overall  mean  value  for  the  top  and  bottom , give*  working  value*  of 

Shear  strength  at  failure  - 0.689  MPa 

Sheet  sftaln  at  fallute  0.101  Rad 

Approximate  *heei  odulus  s 8.98?  MPa  Rad 

The  result*  for  the  compression  test*  showed  a mean  maximum  compressive  strength  of 

1,377  MPa  for  the  top  section,  and 
1 .974  MPa  for  the  bottom  section 

giving  an  overall  mean  of 

1.676  MPa. 

The  latter  result*  ore  In  general  agreement  with  othei  publUbed  data 
THEORY  AND  DISCUSSION 

In  ordar  to  use  the  experimental  results  to  produce  a realistic  criterion  of  fallute.  It  Is  necessary  to  examine 
rational  mathematical  characteilsotloiss  of  the  cancellous  bone- 

To  calculate  shear  stresses  and  shear  strains  for  this  Initial  anoiytls,  principles  of  mechanics  for  elastic. 

Isotropic  and  homogeneous  materials  were  used.  It  has  been  stated  that  for  all  practical  purposes  trabecular  bone 
behaves  elastically  (7 >81.  However , It  Is  neither  Isotropic  not  homogeneous.  Ihe  measured  tat^je  of  shear  stress 
of  yield  was  0.128  - 2.654  MPa  and  this  amount  of  biological  variation  Is  an  Indication  thot  the  approximations 
assumed  In  using  simple  mechanics  formulae  may  be  acceptable  when  determlnlr^j  a usable  value  for  failure  of  the  bone. 
However , it  must  be  emphasised  thot  for  any  design  value  used  the  safety  factor  must  also  reflect  this  variability. 

The  consideration  of  classical  failure  criteria  leads  Initially  to  the  Maximum  shear  stress  or  Tresca  criterion^'. 

This  thec.y  assumes  that  yielding  begin*  when  the  maximum  shear  stress  In  the  material  becomes  equal  to  the  maximum 
shear  stress  at  the  yield  point  In  a simple  uniaxial  tension  test.  The  maximum  shear  stress  In  the  material  Is  equal  to 
half  the  difference  between  the  maximum  and  minimum  principal  stresses. 

The  next  stage  of  sophistication  Is  to  consider  the  strain  energy  of  deformation  (shear  strain  energy  or  Maxwell 
MIses  Henckyl  criterion. 

Far  a simple  uniaxial  tensile  test 

u * 1 ( •'  o ♦ i-  u ♦ r o ) 
it  > t «s 

where  the  suffice*  refer  to  the  ptlnclpol  three-dimensional  dhectlons  (see  Tlmodienko^'  ). 

It  Is  usual  to  divide  the  strain  energy  Into  two  parts:-  that  resulting  from  volume  change  (hydrostatic  or  dllatfonall 
and  that  resulting  frosts  deformation  or  distortion.  In  general , materials  can  withstand  very  large  hydrostatic  forces 
and  It  Is  reasonable  to  consider  the  component  producing  distortion  alone  for  a failure  criterion. 

This  produces  a distortion  energy  criterion  of 

lt»  - u ^ ) 1 + (ts,-  ♦ lV  0,1*  - k 

where  K Is  o constant . 

For  a simple  uniaxial  test  K * -t’J 

For  a two-dimensional  stress  Held  t'  * 0 

> 

Thus  tsl  - u t>  ♦ t’1  * t’„ 

t t i i r 

For  combined  axial  compression  and  torsion  It  can  be  shown  that 

ts*  ♦ J,»  - o'  (1) 

Y 


Saa  9 - Timoshenko,  p.  183  ond  p.  319 
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The  experimental  results  conform  to  this  criterion  in  port  of  their  range  for  the  plane  of  stress  investigated. 

The  next  stage  of  complication  involves  some  consideration  of  the  anisotropy  of  the  bone.  There  is  some  evidence 
that  the  trabecular  structure  consists  of  laminae  strengthened  with  struts^®).  From  theories  of  anisotropic  materials^  l ,12) 
it  can  be  shown  that  for  a unidirectional  laminar,  symmetrical  in  the  2-3  plane  with  fibres  In  thet  direction,  and  with 
plane  stress  in  the  1-2  plane 
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(Tsai-Hill  criterion) 


With  the  wide  range  of  values  obtained  experimentally,  it  isreasonoble  to 
assume  o * a „ in  order  to  deduce  a usable  criterion. 
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From  equation  (1)  for  combined  compression  and  torsion 


Thus 


o2  - a a ♦ a2  = O2  ♦ 3t2 
1 t 2 2 

o2  + (3  + o2)i2  » o2 
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If  the  overall  mean  values  for  t and  a are  used 
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then  equation  (2)  becomes 


t2  0. 7 2 

y 


a2  ♦ 8.76r2  * o2 


(Ctxnpare  equation  (3)  with  equation  (1)  ). 
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This  equation  gives  a better  correlation  with  the  range  of  experimental  results. 

It  is  obvious  that  the  mechanics  of  the  bone  are  complex. 

Before  o more  definitive  mathematical  characterisation  can  be  attempted,  more  detoiled  investigations  of  the 
structure  of  cancellous  bone  and  its  anisotropy  must  be  conducted.  However,  in  predicting  the  qgasi-stotie  load 
bearing  capacity  of  cancellous  bone  within  the  body,  the  rational  approach  sat  out  above  would  appear  to  be 
sufficient. 
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Vertebra 

Age 

L4 

61 

L4 

60 

L5 

60 

13 

73 

L2 

73 

L5 

56 

Overall  means 


BOTTOM 


L4 

61 

14 

60 

L5 

60 

LI 

68 

L4 

56 

L2 

56 

L3 

56 

L4 

42 

Range  TyMPa  YyRad 


1.431-0.815 
1.183  - 0.128  1 0.093 

0.807-  0.384 
0.767  - 0.208  0.095 

0.592  - 0.320  0.112 

0.815-  0.352  0.105 


2.654  - 1.095 
1.023  - 0.512  0.150 

1.071  -0.512  0.117 

1.374  - 0.400 
0.711  -0.400  0.108 

0.448  - 0.232  0.093 

0.496-0.232  0.105 

1.191  -0.520  0.101 


Overall  means 


Mcon  values  of  shear  stress  and  strain  at  yield  and  shear  modulus  far 
individual  vertebrae.  Specimens  from  the  superior  (Tap)  and 
inferior  (Bottom)  portions  of  the  vertebrae  are  tabulated  separately. 
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INURY  MECHANISMS  ANALYSIS  IN  AIRCRAFT  ACCIDENTS 

BY 

SQN  LDR  I R HILL, 

ROYAL  AIR  FORCE  INSTITUTE  OF  PATHOLOGY  AND  TROPICAL  MEDICINE 
HALTON,  AYLESBURY  BUCKINGHAMSHIRE,  ENGLAND 


SUMMARY 


The  type  and  severity  of  injury  seen  in  aircraft  accidents  is  influenced  by 
many  factors.  Assessments  of  the  ways  in  which  injuries  are  produced  must 
be  broadly  based,  taking  into  account  the  various  aspects  of  aircraft  accidents. 
A simple  analysis  of  30  fatal  aircraft  accidents,  some  of  which  were 
survivable  shows  that  the  basic  mechanisms  of  injury  are  common  to  many 
different  accidents.  This  type  of  analysis  facilitates  the  identification  of 
problem  areas  quickly  and  accurately  and  should  be  of  value  to  accident 
investigators  and  research  workers.  Survivable  accidents  and  those  in  which 
the  degree  of  injury  in  fatalities  is  only  moderate,  provide  the  richest 
sources  of  utilisable  data. 


INTRODUCTION 

Accident-injury  research  is  a relatively  new  science,  encompassing  many  disciplines  which  has 
grown  up  out  of  the  need  to  reduce  death  and  injury  from  trauma.  Aerospace  pathology  is  an 
established  branch  of  this  study,  having  pioneered  many  of  the  techniques  used. 

Trauma  is  the  fastest  growing  and  most  costly  medical  problem  in  the  world  today.  Bull  and  London 
(1)  estimated  that  in  the  United  Kingdom  18,000  people  died  annually  as  a result  of  accidents,  and  that 
the  number  of  Hospital  admissions  was  increasing  annually  by  6%;  double  the  rate  for  any  other 
condition.  In  1970  the  total  annual  cost  in  the  UK  for  accidents  was  £1000  million.  By  1977  road 
traffic  accidents  alone  cost  £1289  million.  The  fact  that  trauma  is  predominantly  the  prerogative  of  the 
young  and  middle-aged  makes  attempts  to  reduce  its  effects  all  the  more  important. 

Because  aircraft  accidents  are  complex  events  and  their  effects  are  dramatic,  their  investigation 
demands  the  use  of  an  integrated  team  of  experts  from  a wide  variety  of  disciplines.  Hitherto  the  bias 
of  the  medical  investigation  has  depended  upon  the  particular  needs  and  interests  of  those  involved.  Thus 
in  the  past  considerable  attention  has  been  paid  to  safety  equipment  in  the  United  Kingdom,  whereas  in 
Canada  a more  pathophysiological  approach  was  used.  Presently  there  is  a growing  awareness  amongst 
many  investigators,  that  a more  fundamentally  biodynamic  approach  should  be  used.  Only  in  this  way 
can  useful  recommendations  be  made.  The  production  of  injuries  must  be  seen  in  the  light  of  the  whole 
crash  sequence,  and  the  results  of  laboratory  investigations  considered  before  reaching  conclusions. 

This  paper  presents  a review  of  some  of  the  present  knowledge  on  injury  production  and  discusses 
these  principles  in  the  light  of  a numerical  analysis  of  a number  of  accidents  investigated  by  this 
department.  Thus  it  is  hoped  that  the  value  of  this  type  of  approach  will  be  realised. 

METHODS 

In  an  attempt  to  identify  the  principle  mechanisms  of  injury,  and  to  isolate  potentially  hazardous 
features,  a mathematical  analysis  was  performed  on  thirty  randomly  selected  fatal  aircraft  accidents. 
Each  of  the  accidents  had  been  investigated  previously  by  a member  of  the  Department  of  Aviation 
Pathology  at  RAF  Halton.  The  aircraft  types  ranged  from  a Hang-Glider  to  a commercial  airliner, 
thus  representing  most  types  of  flying,  though  most  of  them  were  light  aircraft.  This  bias  would  be 
expected  because  this  type  of  operation  provides  the  bulk  of  the  department's  workload.  The 
accidents  were  divided  into  two  groups,  either  survivable  or  non-survlvable.  A survivable  accident 
being  defined  as  one  in  which  there  were  survivors  and  or,  the  degree  of  destruction  of  the  airframe  was 
so  slight  as  to  permit  survival.  In  each  case  the  individual  investigators  assessment  of  survivability 
was  accepted. 

The  autopsy  reports  of  fatalities  and  the  description  of  the  injuries  sustained  by  survivors  were  then 
examined  in  detail.  Points  were  then  awarded  according  to  the  schedule  in  Table  i,  for  injuries 
sustained  in  44  bodily  regions  {Table  2).  Only  the  most  severe  injury  in  each  area  wag  scored,  thus  a 
compound  fracture  of  the  femur  would  be  scored,  but  grazes  in  the  thigh  would  be  ignored.  The  total 
score  for  each  victim  of  every  accident  was  then  totalled.  This  injury  score  wns  then  compared  with 
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the  decree  of  airframe  destruction  and  the  victims  placed  into  three  groups  according  to  the  overall 
extent  of  their  injuries. 

The  results  so  obtained  are  discussed  in  relation  to  the  known  principles  of  crash  dynamics  and 
biodvnamics  and  recommendations  are  made  for  the  analysis  of  the  data  accumulated  from  future 
accidents,  so  that  it  will  be  of  maximum  use  to  research  workers  and  aircraft  designers. 


Points 

0 

1 


Degree  of  injury 


Nil 

Mild 

Moderate 

Severe 

Fatal 


Table  1 - Injury  Severity  Coding 


1.  General  external  examination. 

2.  Limbs  - each  long  bone  rated  separately. 

3.  Thoracic  skeleton. 

4.  Thoracic  viscera  rated  separately, 
a.  Abdominal  viscera  rated  separately, 
ti.  Head  and  contents  rated  separately. 

7.  Pelvis  and  each  area  of  spine  rated  separately. 

Table  2 - Areas  Scored 


RESULTS 

The  results  of  the  mathematical  analysis  of  injury  severity  are  contained  within  Tables  3-8. 


Number  of  accidents  studied  30 

Number  of  survivable  accidents  12 

Number  of  non- survivable  accidents  18 

Total  number  of  casualties  30 

Total  number  of  fatalities  101 

Number  fatalities  in  survivable  accidents  20 


Table  3 - Breakdown  of  the  material  studied 


Points  Awarded 


Number  of  Casualties 


1 


7 

10 


3 

4 


5 


8 

1 


ti 


7 

8 

!) 

10 

11  I 


Table  4 - 'flu*  severity  of  Injury  sustained  by  survivors 


Points  Awarded 


Number  of  Casualties 


0-9 

1 

10-19 

7 

20-29 

10 

30-39 

9 

40-49 

8 

50-59 

8 

60-69 

8 

70-79 

9 

80-89 

16 

90-99 

3 

100-109 

5 

110-119 

1 

120-129 

6 

130-139 

1 

140-149 

3 

150-159 

4 

160-169 

- 

170-179 

2 

Table  5 - 

The  severity  of  injury  sustained  by  fatalities 

Score 

Cause  of  Death 

8 

Drowning 

15 

Head  Injury 

15 

Head  Injury 

16 

Head  Injury 

17 

Concussion  - Drowning 

17 

Head  Injury 

19 

Head  Injury 

19 

Head  Injury 

20 

Head  Injury 

22 

Head  Injury 

22 

Concussion  - Drowning 

25 

Asphyxia 

22 

Asphyxia 

28 

Concussion  - Drowning 

28 

Multiple  Injuries 

30 

Head  Injury 

31 

Respiratory  failure  - Head  injury 

37 

Head  Injury 

50 

Head  Injury  - Burning 

84 

Head  Injury 

Table  6 - 

Injury  severity  score  and  cause  of  death 

in  the  fatalities  occurring  In  survivnble 

accidents 


A12-4 


1 

Degree  of 

Range  of 

Number  of 

Total 

Aver  a 

f 

1 

Inju  ry 

Points 

Victims 

Score 

Score 

i . 

i 

Mild 

1-11 

31 

90 

2.  9 

Moderate 

12-54 

39 

1305 

33.  5 

Massive 

55+ 

61 

5869 

96.  2 

Table  7 - Degree  of  injury  and  average  scores  in  each  group 

1.  Ejection. 

2.  Compression  by  Airframe. 

3.  Penetrating  Injuries. 

4.  Inadequate  restraint  including  seat  failure. 

5.  Incorrect  usage  of  restraint. 

6.  Poor  design  features  - (fuel  tanks. 

( 

(fascia. 

7.  Inadequate  escape  mechanisms. 


Table  8 - Principle  causes  of  injuries 
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DISCUSSION 


It  is  readily  apparent  fro?#-  a study  of  the  literature,  that  the  correlation  between  individual  research 
projects  on  the  biomechanijoA  <2>f  impact  and  actual  crash  studies,  that  there  are  grave  difficulties  in 
relating  the  one  with  the  otferr.  In  some  instances  comparisons  between  the  results  of  different 
institutions,  carrying  out  research  into  the  same  projects  is  not  possible  (2).  Because  of  this  and 
because  of  complaints  that  the  quality  of  clinicopathological  information  made  available  to  research 
workers  is  often  inadequate  (3),  I have  reviewed  some  of  the  basic  principles  on  the  mechanism  of 
injury  production  in  aircraft  accidents.  Theoretically  the  observations  made  in  any  kind  of  transport 
accident  should  be  readily  transferable.  If  we  consider  the  pattern  of  injuries  seen  in  road  traffic 
accidents  (4)  and  compare  these  with  the  predominant  sites  of  injury  in  aircraft  accidents,  then  it  can 
be  seen  that  they  are  similar.  This  is  not  a surprising  observation,  because  the  body  has  only  a 
limited  range  of  response  to  trauma,  thus  a fractured  femur  sustained  in  a road  traffic  accident  is  the 
same  as  one  seen  in  the  victims  of  air  crashes. 

Injury  to  the  human  body  is  a response  to  the  release  of  energy  resulting  from  a reaction  between  the 
tissues  and  various  physico-chemical  agents.  Thus  either  a morphologically  apparent  wound,  a 
pathophysiological  imbalance  or  both  is  produced.  The  degree  of  response  and  the  subsequent  outcome 
will  depend  upon  a wide  variety  of  factors,  (5,  6,  7,  8,  9,  10).  The  human  body  is  a complex  range  of 
heterogenous  tissues  in  the  solid,  liquid  and  gaseous  phases.  They  each  manifest  varying  degrees  of 
elasticity,  viscosity  and  plasticity,  as  well  as  reacting  non-isotropically.  They  are  arranged  upon  a 
skeleton  which  acts  like  a damped  system  of  levers  and  links.  Because  the  body  can,  and  does,  act  as 
an  open  kinetic  system,  in  which  the  joints  have  a wide  range  of  movement,  injuries  may  be  produced 
at  sites  distant  from  the  point  of  impact.  Each  joint  acts  as  a fulcrum  so  that  forces  may  accumulate 
along  the  shafts  of  long  bones,  and  where  these  aggregates  exceed  the  local  stress  tolerance,  they 
produce  injuries.  This  usually  occurs  atpoints  of  weakness  such  as  the  insertion  of  tendons  and 
ligaments  or  around  congenital  defects.  In  these  circumstances  they  are  all  acting  as  stress  raisers, 
and  forming  a focus  for  the  accumulation  of  force. 

Though  fire  and  toxic  fumes  may  be  potent  causes  of  death  in  aircraft  accidents,  we  are  primarily 
concerned  with  mechanical  forces.  The  manner  in  which  these  are  generated  in  aircraft  accidents  has 
and  is  being  studies  extensively,  (11,  12).  From  a study  of  these  reports,  and  the  proceedings  of 
conferences  such  as  Stapp  and  IRCOBI,  it  is  possible  to  conclude  that  the  most  import  features  are: 

1,  The  velocity  of  the  aircraft, 

2,  The  angle  of  strike. 

3,  The  nature  of  the  surface  struck. 

4,  The  structural  characteristics  of  the  aircraft. 

5,  The  site  at  which  the  forces  are  measured. 


A 1 2-5 


It  is  obvious  that  velocity  is  fundamental  to  the  outcome  of  an  accident.  High  .velocity. impacts  are 
associated  with  massive  injury,  including  total  disintegration  of  the  airframe  and  its  occupants,  such  as 
was  seen  in  the  THY  DC  !0  accident.  Though  it  is  possible  to  design  structures  capable  of  withstanding 
intense  physical  forces,  their  ability  to  fly  would  be  questionable.  Consequently  design  is  aimed  at  the 
minimum  injury  level,  which  is  alleged  to  he  an  adequate  compromise.  Though  accurate  assessments  of 
impact  speed  are  not  available,  the  general  impression  gained  from  this  and  other  studies  of  aircraft 
accidents  is,  that  it  is  the  middle  range  of  speeds,  from  about  50: to  150  Kts,  where  the  picture  is  far 
from  clear.  One  of  the  problems  is  that  we  are  not  dealing  with  a simple  single  deceleration  in  every 
accident.  Thus  in  one  of  the  survivable  accidents  reviewed  the  speed  prior  to  impact  was  calculated  to 
be  95  Kts.  The  only  force  produced  was  along  the  longitudinal  axis  of  the  aircraft,  the  impact  angle 
being  less  than  3 degrees,  increasing  this  angle  produces  a linear  magnification  of  the  horizontal  forces 
until  such  time  as  the  airframe  begins  to  crush.  This  is  a particularly  important  observation  because  in 
most  accidents  there  is  a significant  angle  of  impact.  This  was  seen  in  this  series,  and  studies  conducted 
by  NASA  suggest  that  the  40°  stall:  Spin  incident  is  particularly  common  in  light  aircraft  crashes. 

Perhaps  the  most  important  attenuating  features  in  these  circumstances  are  the  configuration  and 
strength  of  the  airframe.  Pressurised  hulls  are  stronger  titan  unpressurised  versions,  because  they  have 
to  withstand  the  pressure  differential.  The  presence  of  engine  nacelles  and  fuel  tanks  on  wings  may 
produce  high  crash  forces,  which  can  tear  the  cabin  apart  if  they  are  mounted  high  up  on  the  fuselage.  Low- 
mounted  wings  of  similar  design  can  plough  into  the  earth  producing  slewing,  giving  rise  to  sharpe 
deceleration  peaks  which  may  increase  the  load  applied  to  individual  victims  by  as  much  as  two  thirds. 
Moving  the  wings  towards  the  tail  produces  a long  "nose"  section  which  can  buckle  and  fold  over  on 
itself.  ....  v v '■  ■ ; . •••  , ... ' • . 

Thus  the  number,  magnitude,  direction  and  the  qualities  of  the  decelerative  forces  applied  during  an 
aircraft  accident  are  highly  variable.  They  must  be  considered  in  the  analysis  of  injuries  if  the  results 
are  to  mean  anything.  By  applying  our  knowledge  about  these  factors,  it  is  possible  to  show  that  the  most 
likely  sources  of  impact  injury  in  aircraft  accidents  are: 

1.  Being  crushed  within  a collapsing  airframe. 

2.  The  absence  or  failure  of  restraint. 

3.  Entrapment  within  the  wreckage. 

4.  Injuries  associated  with  escape. 

5.  Being  struck  by  loose  objects. 

6.  Explosive  decompression. 

The  crushing  of  victims  within  a collapsing  airframe  is  typically  a feature  of  high  velocity  impacts. 
Characteristically  the  injuries  are  severe,  ranging  from  total  fragmentation  to  extensive  soft  tissue  and 
skeletal  damage.  A high  proportion  of  limb  amputations  is  seen  and  the  whole  body  looks  as  though  it 
has  been  crushed.  Perineal  splitting,  with  or  without  herniation  of  viscera  and  wide  fracture  dislocations 
of  the  sacro-iliac  joints  is  synonymous  with  vertical  deceleration. 

Entrapment  within  the  wreckage  is  a rather  different  problem,  with  potentially  equally  serious  sequelae 
(13V  being  responsible  for  many  deaths  in  otherwise  survivable  situations.  The  victims  are  trapped 
either  because  the  exits  are  jammed  due  to  distortion,  or  lack  of  maintenance,  or  they  sustain  injuries 
which  render  them  immobile.  In  two  accidents,  not  analysed  in  this  study,  which  were  investigated  by 
this  department,  these  features  were  well  documented.  Both  were  accompanied  by  fire,  which  was  the 
immediate  cause  of  death  of  many  of  those  who  were  killed.  In  the  first  case  the  seats  concertined  and 
a bar  at  the  bottom  of  the  seat  caused  fractures  of  the  tibiae  and  fibulae  in  many  of  the  victims,  thus  they 
were  unable  to  get  to  the  emergency  exits,  many  of  which  were  unused.  In  the  second  incident  only 
5 people  died  out  of  a total  of  127.  They  were  all  trapped  by  fire  near  an  inoperable  exit.  Thirty-eight 
people  sustained  minor  injuries  as  a result  of  falls  during  egress. 

Injuries  associated  with  restraint  systems  have  been  the  subject  of  considerable  debate,  some  of  which 
has  been  as  ill-informed  as  it  was  ill-advised.  Antagonists  frequently  attribute  Injuries  to  the  safety  belt 
without  any  acknowledgement  of  the  fact  that  without  them  the  extent  and  severity  of  damage  would  have 
been  greatly  increased.  Restraint  system*  may  be  adequate  or  inadequate.  Snyder(l3)  reports  an  author 
who  suggests  that  we  have  4QG  people  sitting  in  200  passenger  aircraft  riding  on  90  seats.  Restraint 
may  fail  at  the  following  sites: 

1.  The  belt  itself. 

2.  Its  attachments. 

3.  The  seat  mounting. 

4.  A combination  of  the  above. 

Failure  occurs  either  because  the  forces  involved  are  exceesive,  the  materials  and  design  are  defective 
or  the  tolerance  limiie  are  inadequate.  Failure  to  wear  a aafety  belt  cannot  rightly  be  concluded  to  be  an 
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example  of  failure,  but  the  effects  are  the  same,  for  lower  impact  forces.  CesarL  anti  Raxnet  (14) 
reviewed  some  of  the  literature  and  studied  the  effects  of  this  problem  in  road  traffic  accidents^  They 
found  that  the  risk  of  dying  after  being  ejected  from  a car  was  six  times  greater  than  if  the  victims 
stayed  within  the  vehicle.  In  addition  it  is  generally  accepted  that  the  risk  of  severe  injury  is  greater  in 
unbelted  than  in  belted  victims. 

Uehrens  et  al  (15),  found  that  malfunction  of  seat  belts  in  cars  produced  a distinct  pattern  of  injury. 

The  most  seriously  affectel  regions  in  descending  order  of  severity  were  the  head,  thorax,  and: pelvis/ 
abdomen.  Typically  they  found  ruptures  of  the  thoracic  and  abdominal  viscera.  They  ala®  showed  that 
the  overall  severity  of  injury  increased  with  the  degree  of  vehicle  deformation,  and  incorrect  usage  of  the 
seat  belt.  Nielsen  et  al  (16)  showed  that  when  the  angle  of  impact  in  road  traffic  accidents' exceeds  40°, 
then  the  shoulder  component  of  lap  and  diagonal  belts  slips  out.  Up  to  this  point  such  a restraint,  system 
reduces  the  imparted  impact  forces  by  20  to  30%.  If  the  seat  is  stiff  then  chest,  lower  abdominal  and 
gluteal  lesions  predominate,  whereas  soft  seating  is  associated  with  higher  incidences  of  back,,  knee  and 
head  injuries. 

The  patterns  of  injuries  associated  with  failure  or  inadequacy  of  restraint  are  essentially  the  same. 
Individual  injuries  are  severe,  penetrating  lesions  are  common  and  there  is  often  dismemberment. 

Multiple  injuries  are  found  in  nearly  every  case.  There  are  usually  a number  of  impacts  and' trace  marks 
may  be  found  on  the  body,  in  the  wreckage  and  on  the  ground. 

The  foregoing  discussion  outlines  the  principle  sources  of  injury  in  aircraft  accidents.  Explosive 
decompression  and  ejection  are  rather  special  problems,  and  the  latter  has  been  the  subject  of  many 
reviews.  Explosive  decompression  is  well  tolerated  by  man,  therefore  it  is  rarely  fatal  by  itself.  The 
classical  sign  is  rupture  of  the  eardrum  without  fracture  of  the  base  of  the  skull. 

The  actual  method  of  injury  in  various  organs  has  been  widely  reviewed  by  Gurdjian  et  al  (17)  and  more 
latterly  by  Rotondo  (18).  The  essential  problem  which  we  have  to  solve  is  how  are  we  to. assess; the 
mechanisms?  To  do  it  effectively  requires  a painstaking  systematic  approach  to  every  detail  off  each 
accident.  The  following  features  of  each  injury  must  be  fully  noted: 

1.  The  type  of  injury. 

2.  Its  location. 

3.  Its  general  appearance. 

4.  Its  extent. 

5.  Its  direction. 

6.  Its  severity. 

It  It  the  last  of  these  criteria  which  can  provide  perhaps  the  greatest  single  chan  to  the;  aetiology  in  this 
situation. 

After  an  accident  the  only  direct  evidence  of  its  severity  is  the  degree  of  damage  to  the  aircraft  and  its 
occupants.  Any  method  chosen  to  analyse  these  features  should  be  simple  to  use  and  universally  applicable. 
Data  thus  accumulated  should  be  of  considerable  value  to  research  workers  in  con  struct  ingexperimental 
models,  and  it  should  Include  clinical  as  well  aa  pathological  information  if  the  toll  value  into  be  realised. 

A variety  of  me  thoda  of  assessing  vehicle  deformation  have  been  suggested.  The  first  of  the  systems 
was  designed  by  the  Cornell  Aeronautical  Laboratory  in  1964.  Subsequently  various  refinements' were 
produced,  but  the  basic  system  remaina  the  same,  and  this  is  really  the  comparison  of  photographs  of 
wreckage  against  a series  of  "standardised  accidents".  McKay  (19)  and  Ashton  et  al  (20)  amongst  many 
others  have  reviewed  their  uaage.  Lynch  (21)  discussed  the  use  of  the  Calspan  measurement  system  in 
aircraft  accidents.  Thus  far  none  of  the  schemes  have  found  routine  use  in  the  invcatigatlomof  aircraft 
accidents.  This  le  perhaps  a little  shortsighted,  though  the  accusation  that  one  would  expect  injuries  to 
be  more  severe  in  badly  crushed  vehicles  is  Impossible  to  refute,  nor  would  it  be  desirable  to  do  so. 
However,  it  is  in  those  grey  areas  exemplified  in  the  accidents  analysed  above,  when  people' die  In 
survlvable  accidents,  that  such  studies  may  reveal  hazards. 

The  analysis  of  injury  severity  has  probably  been  practised  throughout  the  history  of  medicine,  butlt 
was  not  until  comparatively  recently  that  workers  tried  numerical  assessments.  De  Haven  and  his 
colleagues  produced  the  first  research  orientated  scale,  later  modifications  of  which  are  available 
(22).  Like  nearly  every  other  system  it  has  serious  shortcomings.  The  comparison  of  multiple  Injuries 
and  their  quantification  ia  hard,  thia  is  because  there  is  some  variation  in  the  numerical  values  assigned 
to  different  injuries. 

Towards  the  end  of  1 968  a Committee  waa  aet  up  by  the  American  Medical  Association  to  review  thia 
problem.  In  1971  and  1972  they  publiahed  a system  based  on  one  first  uaed  by  the  General  Motors 
Corporation.  It  is  extremely  complicated  and  difficult  to  use,  but  it  has  nevertheless  found  quite  wide 
acceptance  by  road  traffic  accident  workera.  It  incorporates  assessments  of  prognosis,  energy 
dissipation  and  other  factors  such  as  possible  disability.  Its  subjectivity  is  readily  admitted  and  its 
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shortcomings  in  the  assessment  of  fatality  are  only  too  obvious.  Probably  the  most  serious  problems  are 
associated  with  the  overall  assessment  of  injury  which  uses  the  highest  scores  in  the  worst  affected  areas. 
Thus  if  a victim  had  a fractured  pelvis  and  a fractured  femur  only  the  former  would  count.  Baker  (23) 
has  published  an  interesting  review  of  the  system  and  a variety  of  other  workers  have  applied  complex 
statistical  analysis  to  assess  prognosis  using  this  method. 

It  is  obvious  from  this  brief  survey  of  the  available  systems  that  none  of  them  are  ideal.  Thus  the 
system  used  is  proposed.  Its  advantages  are: 

1.  It  is  easy  to  use. 

2.  No  complex  reference  manual  is  needed. 

3.  It  can  be  used  to  study  individual  regions  or  the  whole  body. 

4.  It  is  not  time  consuming. 

5.  It  is  comprehensible. 

One  of  the  real  benefits  of  numerical  analysis  of  injuries  is  that  it  easily  highlights  those  accidents  in 
which  there  may  be  some  remediable  problem.  Thus  in  crashes  where  the  crash  forces  are 
catastrophically  high  and  massive  injuries  ensue,  the  provision  of  even  better  safety  equipment  would  be 
valueless  for  survival,  additionally  improvement  in  aircraft  crash-worthiness  would  not  help  the  victims. 
However,  where  moderate  injury  is  concerned  this  is  a different  matter.  . 

In  this  series  of  accidents-  quite  by  chance-  the  principle  primary  cause  of  injury  was  restraint  failure. 
In  the  pilots  who  were  injured  they  either  flexed  forwards  over  a lap  belt,  had  shoulder  straps  loosely 
fastened  or  had  made  unauthorised  modifications  to  the  seat.  In  one  instance  a small  pilot  had  put  a 
loose  cushion  behind  his  back,  which  slipped  out  at  impact.  Break  up  of  the  floor  and  on  the  attachments 
of  the  seat  to  the  cabin  floor  accentuated  the  injuries.  In  one  instance  amongst  some  of  the  passengers 
inadequate  seat  mountings  were  the  sole  cause  of  the  injuries  sustained.  Thus  despite  previous 
exhortations  by  this  organisation  and  many  research  workers  restraint  is  still  poor. 

Pathologically  the  most  interesting  group  of  victims  are  those  uli  o died  in  survivable  accidents,  only  1 
died  of  multiple  injuries.  In  this  instance  the  victim  was  in  the  most  deformed  part  of  the  aircraft.  The 
presence  of  a high  proportion  of  fatal  head  injuries  is  of  considerable  concern.  The  proximity  of  the 
fascia  and  seats  to  one  another  means  that  there  is  little  if  any  chance  of  occupants  not  hitting  one  or  the 
other  at  impact.  The  surprising  finding  here  was  the  almost  total  absence  of  serious  neck  injury,  which 
would  normally  be  ejected  as  the  head  was  arrested  and  the  remainder  of  the  body  went  forward.  It 
must  therefore  be  assumed  that  the  trunk  was  stopped  at  the  same  time  by  hitting  either  seat  backs  or 
other  parts  of  the  aircraft,  thus  accounting  for  the  thoracic  injuries.  Injuries  to  limbs  were  not  on  the 
whole  severe,  they  can  be  accounted  for  by  compression  against  failing  seats  and  by  limited  flailing. 

Of  the  4 people  who  drowned,  3 had  concussion  and  one  was  unable  to  free  himself  from  his  hang  glider 
because  he  was  not  equipped  to  do  so. 

It  can  also  be  shown  that  occupants  who  are  flung  clear  of  the  aircraft  are  more  likely  to  suffer  serious 
injury:  particularly  to  the  head,  than  those  who  are  retained  in  their  seats.  Finally  children  tend  to  do 
better  than  adults.  In  the  one  accident  where  there  were  a significant  number  of  children  their  overall 
score  was  55  as  against  87  for  the  adults.  This  is  probably  because  they  are  more  relaxed,  and  certainly 
as  the  age  of  the  children  approached  puberty  they  began  to  behave  more  like  adults  in  their  response  to 
trauma.  Relaxation  has  been  advanced  as  a working  hypothesis  to  account  for  this  phenomen  here,  just 
as  it  is  said  to  account  for  the  survivals  In  high  free  falls  seen  in  some  grossly  intoxicated  persons, 

CONCLUSIONS 

This  is  a lengthy  summary  of  basic  principles  in  injury  causation  as  applied  to  aircraft  accidents, 
illustrated  by  reference  to  30  crashes  investigated  by  us,  of  which  12  were  survivable.  To  analyse 
injury  mechanisms  successfully  the  following  protocol  should  be  followed; 

1.  An  analysis  of  the  crash  dynamics. 

2.  An  estimation  of  vehicle  deformation, 

3.  A full  description  of  each  injury. 

4.  As  assessment  of  injury  severity. 

From  the  study  outlined  above  the  following  conclusions  can  be  made; 

1.  Serious  or  fatal  head  injury  is  the  single  most  serious  problem  in  aircraft  accidents, 

particularly  in  light  aircraft. 

2.  There  Is  a wide  margin  in  injury  severity  between  survivors  and  fatalities. 

3.  Restraint  systems  are  still  inadequate,  especially  for  passengers. 
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4.  The  severity  of  injury  is  increased  by: 

a.  "Ejection"  from  the  aircraft. 

b.  Severe  damage  to  the  airframe. 

c.  Poor  design  features  such  as  badly  sited  fuel  tanks. 

5.  The  principle  method  of  serious  injury  is  forward  flexion  over  a lap  belt. 

6.  Mathematical  scoring  of  injuries  makes  more  accurate  analysis  of  accidents  a feasible 
proposition. 
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DISCUSSION 


DR.  H.  VON  GIERKE  (USA) 

Are  you  familiar  with  proposals  for  standardization  of  accident  analysis  and 
autopsy  protocols  which  are  studied  by  the  US  Department  of  Transportation  and 
are  proposed  by  various  committees? 

AUTHOR'S  REPLY 

I've  seen  some  of  the  information  which  has  been  published  on  this  and  certainly 
some  of  It  would  seem  to  be  applicable  to  the  aircraft  accident  situation.  I am 
not  too  sure  how  far  they  intend  to  take  these  various  proposals  because  they 
are  quite  lengthy.  The  only  ones  I've  seen  required  something  like  20-30  pages 
of  Information  to  be  filled  in.  Some  of  this  information  didn't  seem  to  be 
entirely  relevant. 

DR.  H.  VON  OIERKE  (USA) 

Relevant  to  the  aircraft  situation? 

AUTHOR'S  REPLY 

Yes. 

DR.  H.  VON  GIERKE  (USA) 

Certainly  the  procedure  would  have  to  be  adapted  to  the  air  accident  situation. 

It  is  so  far  only  developed  for  the  surface  transportation  accidents.  But  do  you 
feel  that  for  the  aircrcft  accident  investigation  a similar  procedure  should  be 
developed  and  perhaps  internationally  agreed  upon  among  the  AGARD  countries? 

AUTHOR'S  REPLY 

Certainly  the  American,  Canadian  and  British  organizations  have  a more  or  less 
standard  way  of  going  about  these  investigations.  But  we  don't  Include  all  this 
material  that  I was  discussing  today. 


THE  VALIDATION  OF  BIODYNAMIC  MODELS 
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To  predict  human  dynamic  response  and  injury  in  mechanical  force  environments,  assessments  and  extra- 
polations are  usually  based  on  mathematical  biodynamic  models  developed  from  anatomical  geometry  and  tissue 
properties  and  validated  by  accident  data  and  subinjury  human  dynamics.  The  shortcoming  of  this  approach 
ia  the  scarcity  and  frequent  inaccessibility  of  human  tissue  properties  and  strength  data,  the  limited, 
hard-to-interpret  accident  data  and  frequently  undefined  injury  mechanisms.  To  overcome  these  problems, 
various  animal  species  have  been  used  as  human  surrogates:  tissue  properties  as  well  as  injury  mechanisms 
are  more  easily  studied  in  controlled  tests.  Unfortunately,  the  differences  in  anatomy  and  tissue  proper- 
ties make  direct  use  and  quantitative  interpretation  of  the  animal  data  of  doubtful  value.  The  solution 
appears  to  be  in  the  establishment  and  detailed  quantitative  experimental  validation  of  mathematical  ani- 
mal models  which  then  in  turn  can  be  used  to  assist  in  the  validation  of  the  human  models  into  the  injury 
range,  and  to  provide  confidence  into  the  procedures  used. 

Three-dimensional  discrete  element  dynamic  models  of  the  axial  skeletal  system  have  recently  been  de- 
veloped for  man,  the  chimpanzee,  baboon  and  rhesus  monkey.  This  paper  describes  the  anatomical  differences 
which  formed  the  basis  for  the  different  models  and  analyzes  the  hard  and  soft  tissue  components  constituting 
the  deformable  elements  of  the  systems.  Best  available  estimates  are  presented  for  the  dynamic  and  strength 
properties  of  some  elements;  for  other  elements  more  exact  data  from  recent  refined  measurements  on  human  as 
well  as  animal  components  are  discussed.  Various  approaches  and  suggestions  for  compilation  of  biodynamic 
response  data  are  included.  Gaps  in  present  day  knowledge  are  identified,  which  must  be  filled  to  make  these 
sophisticated  theoretical  biodynamic  models  of  maximum  quantitative  usefulness  in  injury  explanation,  predic- 
tion and  prevention. 


INTRODUCTION 

Human  injury  tolerance  data  are  necessary  to  formulate  injury  assessment  criteria  to  evaluate  a measured 
or  predicted  impact  or  acceleration  time  history  in  terms  of  its  injury  producing  potential.  An  example  is 
that  of  an  aircrewmah  required  to  eject  from  a disabled  aircraft  using  an  ejection  seat.  The  ejection  seat 
imparts  a mechanical  force,  the  effect  of  which  is  dependent  upon  both  amplitude  and  duration  of  exposure. 
Injury  assessment  of  such  mechanical  impacts  to  the  human  system  find  application  in  guidelines  for  the  de- 
sign and  development  of  ejection  seats. 

Over  the  past  three  decades,  biodynamicists  have  been  called  upon  to  state  in  quantitative  terms  how  a 
given  forcing  function  will  effect  various  elements  of  the  human  musculoskeletal  system.  This  problem  re- 
quires a thorough  understanding  of  the  static  and  dynamic  strength  properties  of  biological  tissues,  organs  and 
body  segments  along  with  a mathematical  insight  into  the  mechanisms  underlying  energy  transmission  and 
attenuation,  response  characteristics  and  modes  of  failures.  The  most  obvious  realization  of  this  require- 
ment is  an  appropriate  mathematical  model.  Numerous  theoretical  models  have  been  created  to  specifically 
ascertain  the  variation  of  risks  as  well  as  the  likelihood  of  spinal  trauma  to  high  transient,  caudocephalad 
accelerations.  Most  of  these  modeling  efforts  are  far  ahead  of  the  detailed  quantitative,  dynamic  and 
strength  measurements  required  to  make  the  models  useful.  Few  if  any  of  these  models  have  been  quantita- 
tively validated  to  give  satisfactory  confidence  into  their  validity  or  ranges  of  their  applicability. 

Human  injury  data  and  subinjury  laboratory  response  data  allow  only  limited  testing  of  the  models  validity. 

To  assist  the  validation  of  human  models  into  the  injury  range  animal  models  based  on  equivalent  assump- 
tions to  the  human  model  have  been  developed  and  their  quantitative  validation  through  well-planned  and 
instrumented  experiments  appear  easier  achievable. 

This  paper  is  concerned  with  the  biological  data  required  for  developing  and  validating  an  axial  muscu- 
loskeletal computer  model  of  subhuman  primates  that  in  turn  can  be  used  to  support  the  validation  of  a human 
response  model  and  assist  in  predicting  human  tolerance.  Comparisons  will  be  made  between  the  various  vali- 
dation approaches.  The  shortcomings  and  advantages  of  the  various  types  of  biodynamic  data  presently 
collected  and  available  are  delineated.  Comparative  whole  body  primate  spinal  impact  tolerance  curves  are 
presented.  Some  physical  constants  for  subhuman  primate  tissue  are  given,  and  areas  where  additional  data 
are  required  to  validate  a subhuman  primate  model  are  identified. 

DATA  BASE  ON  HUMAN  BIODYNAMIC  RESPONSE 

Human  Tolerance  - In  biodynamic  research. five  basic  techniques  are  used  to  assist  in  defining  human 
tolerance:  (1)  controlled  tests  using  human  volunteers  at  subinjury  exposure  levels,  (2)  human  cadaver 
research,  involving  whole  body,  regional  anatomy  and  component  strength  analysis,  (3)  operational/clinicnl 
accident  and  injury  observations,  (4)  live  animal  investigations  to  extend  experimental  results  up  to  and 
beyond  injury  threshold  exposure  levels,  (5)  animal  cadavers,  involving  specific  biomechanical  tests  on 
regional  anatomy,  and  various  hard  and  soft  tissue  elements.  Each  of  these  methods  contributes  to  our  over- 
all knowledge  of  biodynamics  although  each  presents  problems  and  imperfections  of  Itself.  None  of  these 
approaches  is  comprehensive  and  even  together  they  do  not  provide  real  world  preciseness.  Nevertheless, 
the  discrete  use  of  these  techniques  in  concert,  provides  the  best  available  means  of  addressing  human 
tolerance  criteria.  Reviews  of  human  impact  tolerance  have  been  published  by  Snyder  (1970)  and  Eibnnd 
(1959). 

If  biodynamic  models  are  being  used  to  explain  or  predict  human  biodynamic  response,  tolerance  limits 


or  injury  probability  the  same  techniques  and  types  of  data  must  be  used  to  validate  the  model,  i.e.,  to 
establish  Its  validity  and  accuracy.  The  following  brief  description  and  comparison  of  the  different 
types  of  data  concentrates  primarily  on  the  contribution  of  animal  data  to  the  solution  of  the  overall 
problem. 

Human  Volunteers  - Most  laboratory  Investigations  using  human  volunteers  are  conducted  under  optimal 
conditions,  under  th»  control  of  the  subject  and  a medical  monitor.  The  restraint  system  Is  Ideally 
situated  and/or  tightened  In  contrast  to  most  operational  situations  and  prior  to  impact  exposure  the  test 
subject  is  optimally  positioned.  Subjects  are  Initiated  and  conditioned  at  low  force  levels.  The  force 
values  are  gradually  Increased  in  successive  experiments  to  a level  where  the  volunteer  becomes  either 
apprehensive  of  the  environment,  exneriences  discomfort  or  pain  and  at  will,  terminates  the  experiment. 

The  precise  methods  for  extrapolating  voluntary  exposure  values  to  injury  levels  are  uncertain.  Often 
times  there  is  no  relationship  between  pain  at  the  limit  of  voluntary  exposure,  and  the  trauma  to  be  ex- 
pected at  the  higher  acceleration  exposure  levels.  As  a result,  a precise  method  for  establishing  a quan- 
titative relationship  between  voluntary  exposure  levels  and  injury  levels  of  various  degrees  is  nonexistant. 
Tolerance  envelopes  developed  from  these  conditions  may  not  be  representative  of  the  general  aircrew  popula- 
tion - or  even  of  the  subjects  tested  when  Impacted  under  different  environmental  conditions.  It  may  be 
assumed  that  the  voluntary  subinjury  tolerance  levels  provide  a conservative  value  indicating  a lower 
threshold  limit  for  the  population  at  risk.  Human  volunteer  impact  investigations  have  been  conducted 
by  Ewing  (1978),  btapp  {1961,  1970),  and  others. 

In  addition  to  human  volunteer  impact  tests,  data  on  the  steady  state  vibration  response  of  human  sub- 
jects in  various  positions  and  with  various  restraints  are  useful  for  model  validation  purposes.  The 

large  body  of  data  on  human  driving  point  impedance  and  transmlssibility  must  be  matched  by  a realistic 
model. 

Human  Cadaveric  Research  - Human  cadavers  have  been  experimentally  utilized  in  very  few  whole  body 
impact  experiments.  The  cadaver  has  both  advantages  and  limitations.  Morphologically,  the  cadaver  Is 
an  identical  model  to  the  "live  subject."  Using  the  cadaver,  musculoskeletal  injury  levels,  the  mechanisms 
and  severity  of  trauma  may  be  comparatively  assessed  for  a variety  of  acceleration  time  histories,  Enetgy 
transmission  and  attenuation  pathways  as  a function  of  torso  position  ray  in  general,  be  qualitatively 
identified.  However,  since  the  cadaver  is  no  longer  a functioning  biological  system,  injury  to  soft  tissue, 
hollow  and  parenchymatous  organs  can  only  be  inferred.  Muscle  tonus  no  longer  exists,  and  as  a result, 
energy  transmission  and  attenuation  pathways,  both  in  hard  and  soft  tissues,  cannot  be  precisely  defined. 

The  skeletal  system  is,  in  general,  least  affected  by  :he  "live"  versus  cadaver  change  in  system  properties. 

The  interpretation  of  such  tests  involves  considerable  analysis  of  and  insight  into  the  processes  and  path- 
ways throughout  the  musculoskeletal  system.  Hum,.n  whole  body  Impact  experiments  have  been  conducted  by 
King  (1965),  Prasad  (1974),  Tennyson  (1977)  and  others. 

A comparatively  large  and  growing  number  of  investigations  have  been  conducted  dealing  with  the  tissue 
strength  properties  of  the  human  spinal  column,  e.g.,  the  intervertebral  joint  (Lin,  Liu  and  Ray,  1978; 
Galante,  1967;  Kazarian,  1975;  Kulak,  1976;  Markolf,  1972;  Nachemson,  1960;  Brown.  Hansen,  Yorra,  1957; 
Hirach,  1957),  the  vertebral  body  (Furst,  1940;  Hartman,  1974;  Hakim  and  King,  1977;  Kazarian  and  Graves, 
1977;  Messerer,  1880;  Ruff,  1950;  Yamada,  1970),  the  ribs,  rib  cage  and  sternum  (Andrlacchi,  1974;  Agostoni, 
et  ml,  1966;  Schultz,  1974  a and  b). 

In  Figure  (1)  the  ultimate  breaking  strength  for  isolated  human  vertebral  bodies  ia  summarized  based 
upon  the  experimental  data  reported  by  Messerer  (1880),  Gazulov  (1966),  Yamada  (1970),  and  Kazarian  (to 
be  published).  The  data  clearly  show  an  increase  in  vertebral  body  strength  between  T^  and  L5.  The  strain 
rate  sensitivity  of  the  vertebral  body  to  axial  compressive  load  is  clearly  shown  In  the  studies  of  Kazarian. 
There  are  two  different  strain  rates:  8.89  x 10'^  meters/second  and  8.89  x 10“^  meters/ second. 

Operational  Accident  Analysla  - Accident  investigations  are  primarily  conducted  for  the  detection  of 
malfunctions,  statistical  analysis  and  aircraft/ejection  seat  systems  improvements  rather  than  injury 
analysis  and  human  threshold  tolerance  values.  Individual  accident  reports  usually  contain  some  descrip- 
tion of  the  musculoskeletal  trauma  sustained.  However,  for  the  most  psrt,  accident  reports  fail  to  identi- 
fy the  precise  nature,  degree  of  severity,  sequence  and  mechanics  of  trauma,  mechanisms  of  cummulative 
pathology  of  exposure  to  the  impact  environment.  The  operational  injury  data  collected  can  rarely  be  corre- 
lated quantitatively  to  the  environment.  Therefore,  accident  reports  are  of  only  limited  values,  although 
recent  efforts  to  establish  large  scale  injury  banks  (such  as  that  for  the  automotive  crash  field)  might 
provide  more  meaningful  injury  analysis  possibilities. 

DATA  BASE  ON  ANIMAL  RESPONSE 

Experimental  Animals  - To  date,  much  of  our  knowledge  of  the  Injury  mechanics,  and  of  the  acute  and 
chronic  affects  of  various  degrees  of  Injury  has  been  derived  from  animal  experimentation.  Subhuman  pri- 
mates provide  a good  functional  model  which  may  closely  simulate  the  response  characteristics  of  man,  Thie 
review  limits  itself  to  data  on  subhuman  primates. 

Data  regarding  static  and  dynamic  range  of  motion,  kinetic  response  to  various  force  inpute  with 
vsrioue  support  end  restraint  systems  can  be  collected  by  subjecting  priaetes  to  subinjury  testa  throughout 
the  range  of  interest.  However,  the  use  of  animals  for  identifying  injury  threshold  levels  also  present 
problems.  A major  problem  involve"  extrapolation  of  animal  data  to  the  human  case.  There  exist  many 
morphologic  simuiarities  and  differences  between  primates.  Examples  of  such  differences  include  the  ver- 
tebral column  formula,  segmental  inertial  properties,  kinesiologies!  sspsets,  muscle/bone  m s,  muscle 
origin,  insertion  end  innervation,  ell  of  which  are  not  directly  comparable  to  man.  The  anesthesia 
usually  used  In  animal  experiments  Is  another  factor  modifying  animal  response  compared  to  the  real  world 
avant.  On  tha  other  hand,  much  knowledge  can  be  learned  from  primate  studies  which  include,  injury  thresh- 
old, the  mechanics  and  sequence  of  injuries,  time  course  degenerative  diseases,  and  tha  rota  of  mechanical 
instability  on  futurs  impact  situations. 
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Whole  Body  Animal  Testa  * A number  of  uniaxial  longitudinal  spinal  investigations  have  been  conducted 
using  the  squirrel  monkey,  rhesus  monkey,  baboon  and  chimpanzee.  The  objective  of  these  tests  was  to  iden- 
tify spinal  injury  potential  based  upon  a rectangular  deceleration  time  history.  In  addition,  the  level, 
irequency,  severity  and  type  of  vertebral  body  trauma  was  radiographically  documented,  then  compared  to 
necropsy  findings.  Stable  anterior  wedge  compression  fractures  at  the  level  of  the  transregional  articular 
facet  Joint  was  the  primary  injury  mode.  It  has  been  found  that  the  restraint  system  may  markedly  influence 
the  level  and  severity  of  trauma. 

Based  upon  whole  body  animal  investigations,  the  50%  probability  of  spinal  Injury  curves  shown  in 
Figure  (2)  were  generated.  This  figure  compares  the  acceleration  resulting  in  50%  probability  of  spinal  in- 
jury versus  time  for  a rectangular  deceleration  time  history  for  the  squirrel  monkey,  rhesus  monkey,  baboon, 
chimpanzee  and  man.  The  radiographic  criteria  for  spinal  trauma  on  this  curve  is  set  at  10%  loss  in  verte- 
bral body  height,  (Kazarian,  1970).  Some  data  on  rhesus  monkey  driving  point  impedance  and  transmissibi 1 2ty 
are  available,  but  more  complete  data  on  baboons  and  chimpanzees  are  highly  desirable  (Slonlm  and  Kazarian, 
to  be  published). 

ANIMAL  CADAVERIC  RESPONSE 

Animal  Component  Tests  - The  primary  component  characteristics  required  once  a geometric  morphological 
model  of  a species  has  been  derived  are  the  elastic  and  damping  properties  of  the  material  and  its  strength 
characteristics.  Restricting  ourselves  again  to  the  primate  models,  new  data  In  this  area  became  recently 
available. 

Uniaxial  compression  tests  have  been  conducted  on  vertebral  centra  excised  from  the  rhesus  monkey, 
baboon  and  man.  Figure  (3)  is  a composite  load  plot  of  vertebral  centra  at  two  different  strain  rates. 

The  slow  strain  rate  is  8.89  x 10”-*  meters/second.  The  fast  strain  rate  is  8.89  x 10”*  meters/second. 

The  data  clearly  show  that  vertebral  body  strength  is  related  to  spinal  position.  The  vertebral  bodies 
in  the  thoracic  spine  are  weaker  than  those  of  the  lumbar  spine.  The  strength  of  a vertebral  body  In- 
creases as  strain  rate  increases.  (An  unexpected  finding  Is  the  relationship  of  baboon  vertebral  body 
breaking  strength  to  that  of  the  rhesus  monkey  and  man  at  high  and  low  strain  rates.)  For  the  case  of 
slow  compressive  loading,  the  vertebral  centrum  of  the  baboon  is  stronger  than  that  of  man.  It's  strength 
coincides  more  closely  with  the  rhesus  monkey  at  high  loading  rates,  in  comparison,  at  the  high  loading 
rates,  mans  vertebral  body  strength  exceeds  that  of  the  baboon  (Kazarian,  to  be  published). 

Stiffness  - Fig »re  (4)  identifies  the  value  of  stiffness  for  the  rhesus  monkey,  baboon  and  man.  The 
correlation  of  stiffness  with  displacement  rate  is  not  as  great  In  the  baboon  and  rhesus  monkey  as  it  is 
In  man.  The  stiffness  values  for  baboons  tend  to  be  less  than  that  of  man,  but  significantly  greater  than 
those  of  the  rhesus  monkey. 

Ultimate  Load  - Figure  (5)  compares  the  isolated  vertebral  body  strength  of  the  rhesus  monkey,  baboon, 
and  man  for  three  different  strain  rates.  Comparative  values  and  relationship  of  ultimate  load  to  displace- 
ment rate  and  vertebral  body  position  are  shown.  This  figure  clearly  illustrates  that  ultimate  road  values 
are  significantly  higher  In  the  baboon.  The  values  of  the  rhesus  raonksy  and  human  breaking  strength  are 
somewhat  lower  and  similar  to  each  other.  The  rate  of  change  of  load  as  a function  of  displacement  rate  la 
also  greater  in  the  baboon  than  in  humans  (which  in  turn,  is  greatsr  than  that  of  the  rhesus  monkey). 

Deformation  to  Ultimate  Load  - The  comparative  values  of  deformation  to  ultimate  load  are  shown  in 
Figure  (A),  In  man,  the  values  of  deformation  to  ultimate  load  are  s ignit leant ly  Influenced  by  displace- 
ment rate  but  not  by  position.  The  deformations  from  position  groupings  one  and  two  are  not  significantly 
different,  but  those  of  the  two  other  positions  (three  and  four)  were  found  to  be  significantly  higher. 

The  baboon  clearly  exhibited  larger  deformations  to  ultimate  load  than  does  the  rhesus  monkey,  and  the 
rhesus  monkey  in  turn  exhibited  larger  deformations  than  the  tests  on  the  human  vertebra. 

Energy  to  Ultimate  Load  - Figure  (7)  is  a plot  of  the  energy  to  ultimate  load  versus  position  and 
strain  rate.  The  energy  to  ultimate  load  for  the  rhesus  monkey  and  man  both  exhibited  e significant 
correlation  with  displacement  rate.  The  overall  correlation  la  significantly  greater  for  human  vertebra 
than  for  the  baboon,  which  is  somewhat  equivalent  to  that  of  the  rhesus  monkey.  Significantly  higher 
energy  to  ultimate  load  values  were  obtained  from  the  baboon  vertebra  than  from  either  the  rhesus  monkey 
or  the  human  vertebral  centra. 

COMPARISON  OF  HEAD-SPINE  MODELS  OF  PRIMATES 

The  Human  Head-Spine  Model  - Static  and  dynamic  models  of  the  human  axial  skeletal  system  have  been 
developed  by  numerous  Investigators.  Static  models  have  been  aimed  at  understanding  scoliosis  and  postural 
disturbances  In  the  musculoskeletal  system  while  dynamic  models  have  attempted  to  provide  insight  into 
kinematic  behavior  and  mechanisms  of  spinal  trauma.  Dynamic  spinal  response  models  were  developed  in  the 
late  1950*a  and  early  1960*s.  Hess  and  Lombard  provided  the  basis  of  many  continuum  models  while  those  of 
I at ham  (1957)  and  Payne  (19?1)  were  of  the  lumped  parameter  variety. 

Liu  and  Murray  (1966)  proposed  a model  of  he  spinel  colura  represented  by  a viscoelastic  medium  car** 
rying  a nemeecentrle  load.  Toth  (1966),  Hopkins  (1971),  Kalepa  (1971),  Payne  (1969)  proposed  models  in- 
tended to  simulate  whole  body  response  and  that  of  the  spinal  column  disregarding  bending  response.  Due 
to  the  limited  value  of  the  lumped  parameter  models,  Orne  and  Liu  (1970)  proposed  a distributed  parameter 
mattel  which  accounted  for  the  effect  of  the  eccentric  loading  and  included  spinal  curvature.  Rased  on 
earlier  experimental  work  by  Kazarian,  L. , Boyd,  0.,  and  von  CUetke,  H.*  (1971)  it  was  learned  that  a dual 
load  transmission,  load  attenuation  corridor  existed  along  the  spinal  column;  one,  through  the  vertebral 
centra,  and  the  other  through  the  posterior  articular  facet  Joints,  Hence,  a two-dimensional  discrete 
parameter  model  of  the  spinal  column  was  formulated  by  Prasad,  which  Incorporated  two  distinct  load  trans- 
mission pathways.  The  model  considered  natural  spinal  curvature,  the  effects  of  flexion  and  eccentric 
inertial  loading.  Head  and  neck  motions  were  simulated  and  their  effects  on  the  forces  and  momenta  with 
respect  to  the  thoracic  and  lumbar  spinal  column  were  investigated  for  off-axis  loading  in  the  mid-sagittal 
plane  (Prasad  and  King,  1974), 
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Belytschoko  and  Prlvltzer,  et  al  (1978)  have  developed  a complex  mathematical  description  ot  the  axial 
skeletal  system.  The  geometry  of  each  vertebral  body  Is  considered.  Each  vertebral  body  la  connected  to 
the  adjacent  vertebral  body  by  an  Intervertebral  disk  and  spring  elements.  The  Intervertebral  disk  elements 
possess  axial  stiffness,  stiffnesses  for  flexion  and  extension,  lateral  bending,  torsion  and  shear.  Seven 
spring  elements  representing  the  axial  stiffnesses  of  the  ligaments  and  other  soft  tissues  of  the  ligamen- 
tous spine  are  attached  as  follows:  one  joining  the  tips  of  the  spinous  processes;  two  joining  the  right 
and  left  side  tips  of  the  transverse  processes;  two  elements  joining  each  pair  of  articular  facets  and  two 
points  joining  on  each  side  of  the  laminae  to  the  base  of  the  spinous  processes  of  the  superior  vertebra. 

The  rib  cage  and  sternum  are  modeled  as  a rigid  body,  the  actions  of  the  Intercostal  tissues  are  represented 
by  spring  elements.  The  abdominal  viscera  are  modeled  by  hydrodynamic  elements  stacked  In  series  between 
the  pelvis  and  10th  rib  suggesting  a third  load  transmission  corridor. 

The  mass  and  moment  of  inertia  of  each  element  was  estimated  using  the  distribution  of  the  mass  of  the 
whole  body  to  the  vertebral  level.  The  physical  constants  were  extracted  from  the  literature  or  estimated. 
Herein  lies  the  problem;  there  exists  very  little  Information  cn  the  physical  constants  of  tissues  under 
static  and  dynamic  loading. 

The  Head-Spine  Model  for  Rhesus  Monkey,  Baboon  and  Chimpanzee  - Because  of  the  difficulties  discussed 
above  in  quantitatively  validating  a complete  axial  skeletal  model  for  man,  the  experimental  data  collected 
for  subhuman  primates  were  integrated  Into  a generalized  model  for  each  primate.  It  la  anticipated  that 
such  an  approach  would  enable  the  basic  modeling  procedure  to  be  evaluated  and  to  shed  some  light  on  "scaling" 
subhuman  primate  data  to  man.  The  methods  used  for  obtaining  geometrical,  stiffness,  and  Inertial  data  for 
Che  subhuman  primate  spinal  models  a.e  summarized  by  Belytschko  (1978). 

The  lateral  and  anterior  skeletal  system  of  the  rhesus  monkey  is  llluatreted  In  Figure  8A.  Belytachko's 
computer  model  la  shown  In  Figure  8B  . 

The  lateral  and  anterior  skeletal  system  of  the  baboon  la  Illustrated  In  Figure  9A  . Belytschko's 
computer  model  is  shown  In  Figure  9B  . Mass  data  and  head  mass  movements  were  extracted  from  Reynold? 

(1974). 

The  lateral  and  anterior  skeletal  system  of  the  chimpanzee  Is  Illustrated  In  Figure  10A.  Belytschko's 
computer  model  Is  shown  In  Figure  10B.  The  mass  data  was  determined  on  the  basis  of  measurements  reported 
by  Rholes  and  Flneg  (1961). 

Thoracic  and  Lumbar  Spinal  Column  - The  number  of  thoracic  vertebrae  varies  In  the  different  primate 
genera  as  well  as  In  Individual  specimens  of  the  same  species.  The  rhesus  has  12  thoracic  vertebra  whereas 
the  baboon  possesses  13,  the  chimpanzee  13,  and  man  12.  The  geometry  of  the  thoracic  vertebrae,  Inter- 
vertebral disks,  costotransverse  joints  and  the  geometry  of  the  articular  facet  Joints  relative  to  each 
other  need  precise  definitions.  Ulth  respect  to  the  latter,  an  examination  of  the  direction  of  the  arti- 
cular processes  reveals  that  a characteristic  type  of  articular  facet  geometry  Is  retained  In  the  lumbar 
regions  and  la  departed  from  In  the  thoracic  region.  This  change  In  form  from  the  lumbar-type  process  to 
a thoracic-type  process  probably  Indicates  adaptation  to  different  types  of  functional  torso  kinesiology. 

It  Is  ot  Interest  to  notice  the  locality  of  this  change  with  respect  to  the  subhuman  primates  and  man. 
While  this  change  Is  usually  determined  In  man  by  the  location  of  the  ribs,  the  rhesus  monkey  and  baboon 
continue  the  lumbar  type  of  vertebral  body  Into  the  thoracic  column.  Characteristically,  the  macaque  has 
seven  lumbar  vertebrae;  however.  If  one  considers  the  two  or  three  caudal  thoracic  vertebrae  which  maintain 
similar  general  form  as  the  lumbar  vertebrae,  the  total  may  be  eight  to  tan  vertebrae.  A similar  analogy 
holds  true  for  the  baboon,  which  may  have  two  or  three  caudal  thoracic  vertebrae,  which  also  have  a similar 
form  as  the  lumbar  vertebrae,  bringing  It  to  a total  of  eight  to  ten  vertebrae.  In  the  case  of  the  chim- 
panzee, the  total  number  of  vertebrae  with  the  same  fora  as  the  lumbar  vertebrae  totals  four  to  six.  Like- 
wise, In  man  this  number  equals  five.  The  change  occurs  suddenly  between  the  last  two  ribs;  the  lower 
articular  process  of  approximately  the  eleventh  thoracic  vertebrae  being  the  last  to  retain  the  lumbar- 
type  process. 

The  location  of  this  changeover  In  facet  geometry  was  found  to  occur  most  frequently  In  the  rhesus 
monkey  and  baboon  between  the  ninth  and  tenth  thoracic  vertebra;  In  the  chimpanzee  It  occurred  at  the  level 
of  the  second  and  third  lumbar  vertebra.  In  man  this  changeover  Is  . -ormal  anatomical  feature  occurring 
moat  frequently  In  the  region  of  the  eleventh  and  twelfth  thoracic  vertebrae.  The  spinal  region  below  the 
mortice  displays  more  mobility  than  above  the  mortice. 

Viewed  anteriorly,  the  proportionate  lengths  of  the  spinal  regions  are  not  closely  correlated  with  the 
number  of  vertebral  segments  within  a particular  region.  For  Instance,  the  macaque  has  a shorter  cervical 
length  and  a much  longer  lumbar  region  when  compared  with  man.  If  the  vertebral  column  Is  viewed  poster- 
iorly and  Its  regions  identified  by  the  abrupt  variations  in  the  articular  facet  joint  geometry,  still  a 
different  model  number  of  vertebrae  appear;.  Utilizing  the  distances  between  the  corresponding  articular 
facet  Joints  of  similar  geometry,  the  tenth  thoracic  vartehra  acts  ss  a center  of  muscular  motion  toward 
that  the  adjacent  spinous  processes  converge  In  the  macaque  and  baboon,  a point  that  varies  In  position 
(lower)  when  compared  with  the  chimpanzee  and  man. 

Below  the  level  of  this  transreglonal  vertebra  the  articular  facet  Joints  are  nonaxlal  weight  bearing, 
but  react  In  torsional  shear  (horizontal  rotation).  At  and  above  the  level  ot  the  transitional  vertebra, 
two  energy  transmission  corridors  exist:  (1)  the  vertebral  body  centrum  aad  (2)  the  articular  facet  Joints. 
These  transitional  levels  are  the  initial  energy  crossover  points  where  the  load  transmission  and  distribu- 
tion between  the  anterior  and  posterior  spine  changes,  (Kazarian,  In  publication). 

Thoracic  Cage  - The  geometry  of  the  thoracic  cags  Is  variable.  Its  relationship  to  the  sternum,  and 
thoracic  cage  requires  further  definition.  The  sterna  display  complex  geometry  and  may  be  either  long  and 
slandsr  or  short  and  broad  corresponding  to  the  shape  of  the  thorax.  The  intercostal  portions  of  the  sterna 
as  a rule  ara  saparate.  Thera  nay  be  a tendency  toward  fusion.  The  lengths  of  the  starna  are  also  variable. 
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Pelves  - The  three  primary  pelvic  elements,  the  illu,  ischiura,  and  pubish  do  not  meet  in  the  center 
of  the  acetabulum,  but  in  a point  situated  more  vent rally*  Mid-sagittal  sacral  curvature,  length-width 
proportions  and  the  height  of  the  mid-sagittal  curvature  are  proport  tonally  different.  The  geometry  of 
the  pelvis  varies  as  does  the  load  transmission  pathways  to  the  lumbar  spine. 

The  primate  model  must  also  consider  musculoskeletal  interactions  during  and  following  mechanical  ex- 
citation. The  role  of  the  various  primary  muscle  groups  must  be  identified  using  electromyographic  signals. 
Although  a relationship  has  not  been  established  between  the  EMC  signal  level  and  force,  the  feasibility 
of  using  EMC  signals  for  the  measurement  of  muscular  response  is  required. 

To  accurately  model  the  primate,  additional  data  are  required  depending  on  the  degree  of  complexity 
and  types  of  answers  desired.  The  type  of  data  necessary  include,  but  are  not  limited  to,  the  following 
categories:  (1)  gross  anatomy,  (2)  static  and  dynamic  tissue  property  data,  (3)  regional  anatomical/ 

biomechanical  investigations.  In  Table  I available  data  and  gross  anatomy  and  missing  gaps  are  identified. 

The  geometry  and  mass  distribution  of  the  head  must  be  defined  in  a manner  that  allows  comparative  studies 
and  analysis.  The  geometry  of  the  cervical  vertebrae,  intervertebral  disks  and  their  kinesiologic  and  kine- 
matic relationships  with  respect  to  the  skull  and  C7  requires  in-depth  investigation. 

Table  II  identifies  the  geometry  and  strength  measurements  of  axial  skeletal  system  components  re- 
quired for  the  model. 

Table  III  identifies  the  regional  anatomy /biomechanical  investigation  required  for  complete  validation 
of  a primate  model. 

THE  VALIDATION  OF  MODELS 

The  foregoing  review  of  the  biological  data  required  and  available  for  the  design  of  primac*-  Lluuyna- 
mid  models  rnd  for  their  subsequent  validation  by  various  testing  techniques  is  by  no  means  exhaustive  or 
complete,  References  are  given  on  a few  selected  subjects  only  since  otherwise  each  subarea  would  have  been  too 
volumious  and  It  was  felt,  that  the  main  message  of  the  paper  would  be  clear  to  the  blodynamlc  research 
community  without  belaboring  the  details.  It  became  obvious  after  previous  conferences  on  biodynamic  models, 
and  it  appears  again  to  be  one  of  the  most  important  conclusions  to  be  drawn  from  the  program  of  this  meeting, 
that  the  definition  of  the  validity,  accuracy  and  of  the  limits  of  applicability  of  our  complex  biodynamie 
models  is  one  of  the  biggest  jobs  which  confronts  this  research  area.  So  far,  no  serious  attempt  has  been 
made  to  collect  all  valid  experimental  test  results  available,  which  could  - no,  must  be  u t In  an  effort 
to  validate  a biodynamic  model  of  a human  subject  for  body  motion  and/or  Injury  prediction  ..  mechanical 
streaa  environments.  It  has  been  proposed  before,  that  a Biodynamic  Data  Bank  coordinated  at  the  National 
and  International  level  should  be  considered  for  the  collection  of  such  data  (von  Gierke,  1978).  In  the 
USA,  a National  Academy  of  Sciences  Committee  has  been  established  to  look  into  the  feasibility  of  such  a 
data  bank  and  to  make  recommendations  regarding  Its  scope,  ground  rules  and  organization. 

The  general  philosophy  presented  in  thia  paper  with  reepcct  to  the  various  test  data  required  and  the 
conviction  that  only  the  simultaneous  application  of  all  test  methods  possible  will  enable  us  to  validate 
convincingly  the  complex  models  envisioned,  determines  our  Laboratory's  approach  to  this  roost  challenging 
basic  problem  In  biodynamics.  We  emphasized  in  our  review  the  animal  models  and  the  anatomical,  geometric, 
elasticity  and  strength  data  required,  because  it  provided  ua  the  opportunity  to  present  some  of  the  newer 
data  obtained  by  our  program  designed  to  collect  systematically  some  of  the  missing  data.  This  emphasis 
should  not  be  interpreted  aa  thia  animal  component  characteristics  data  base  having  any  priority  over 
accumulation  of  the  human  data  base.  Nor  doea  it  Imply  that  the  component  tests  are  more  important  than 
the  subinjury  whole  body  human  and  animal  G , G , G t and  off-axis  impact  teats  required  or  the  animal  in- 
jury tests  In  all  the  axes  mentioned,  or  the  huSan  and  animal  transmissibility  and  driving  point  impedance 
data,  which  are  elreedy  pertly  available.  Our  emphaaie  on  tissue  component  data  was  only  guided  by  the 
face  that  we  think  we  made  some  advances  in  this  area  and  coaplatad  soma  kind  of  analysis  of  what  la  avail- 
able and  what  is  needed.  To  review  in  detail  each  of  the  data  bases  available  and  desirable  for  validation 
would  have  been  clearly  beyond  the  scope  of  a single  paper. 

In  summary,  tha  requirements  for  biodynamic  data  from  tan  test  areas  reflect  our  thinking  and  broad 
laboratory  program  in  support  of  model  validation.  We  need:  (1)  human  subinjury  Impact  response  data, 

(2)  human  steady  state  transmissibility  and  Impedance  data,  (3)  human  operational  and  accident  data  (air- 
craft and  automotive),  (4)  human  whole  body  cadaveric  data,  (5)  human  component  characteristics  data, 

(6)  animal  subinjury  impact  response  data,  (7)  animal  steady  state  Cransmissibillty  and  impedance  data, 

(8)  animal  impact  injury  data,  (9)  animal  whole  body  cadaver  Impact  data,  (10)  animal  component  charac- 
teristics data. 

In  addition,  wa  need  the  anatomical/morphological  data  material  on  each  species.  To  fill  the  gaps  in 
each  of  these  areas  our  approach  to  data  collection  might  benefit  from  hatter  organized  collection,  storage 
and  retrieval  capability  of  all  data.  Many  data,  which  w«  think  are  missing,  might  be  stored  somewhere, 
accessible  only  to  a few  or  with  unknown  accuracy  or  experimental  background.  To  a large  extent  our  ex- 
perimental programs  should  he  oriented  to  fill  the  gaps  in  the  data  required  for  modal  validation.  Our 
experiments  should  be  guided  by  the  models  we  have.  Only  in  this  way  can  wa  hop#  to  have,  in  the  foresee- 
able future,  the  next  genetation  of  realistic,  validated  blodynamlc  models,  which  can  be  used  with  confi- 
dence by  human  factors  and  design  engineers  outside  tha  biodynanics  research  community. 
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Figure  1 - Comparative  breaking  strength  for  isolated  human  vertebral  elements  between  the  Tj 
Lg  vertebral  body  levels. 


Figure  2 - Impact  sensitivity  curves  for  a rectangular  deceleration  time  history  for  the 
rhesus  monkey,  baboon,  chimpanzee  and  man.  The  logarithm  of  the  peak  acceleration  and  the 
logarithm  of  the  pulse  duration  are  plotted  to  obtain  a straight  line  representation. 

The  scaling  sensitivity  curves  relate  only  to  the  parameters  of  impact  function  and 
spinal  injury  for  identical  support  and  restraint  systems,  body  posture  and  other  factors." 
These  curves  imply  geometrically  similar  structures  which  appear  to  be  formed  of  similar 
materials  (but  of  different  size  and  strength),  dynamically  respond  in  a similar  manner 
(inversely  proportional  to  size)  and  insinuate  that  subhuman  primates  have  a spinal  injury 
threshold  which  can  be  accurately  described  by  an  interspecies  impact  sensitivity  curve. 

In  this  figure,  the  lines  at  the  left  of  the  graphs,  which  angle  down  at  45°  represent  a 
regime  in  which  the  change  in  velocity  governs  the  peak  force  in  the  vertebral  column,  while 
the  horizontal  lines  extending  to  the  right  of  the  graph  represent  the  regime  in  which  the 
peak  acceleration  force  is  the  governing  factor.  Vertebral  body  fracture  patterns  and  modes 
vary  within  both  regimes. 
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Figure  3 - Composite  plot,  of  rhesus,  baboon  and  humnn  vertebral  centra  subjected  to  uniform 
axial  compressive  load  at  two  different  strain  rates.  The  slow  strain  rnte  is  8.89  x to-5 
meters/second  while  the  fast  strain  rate  is  8.89  x to-1  meters/second.  Note  the  unexpected 
finding  in  the  comparative  strength  characteristics  between  the  baboon  at  the  slow  and  fast 
compression  rates  to  humnn  and  rhesus  monkey  vertebrae. 


Figure  •!  - Stiffness  for  position  by  displacement  rate  combinations 
whore  !’ ^ T,,-T^ 
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Table  I 


GROSS  ANAtOMy  ' 


REQUIREMENTS 

AXIAL  SKELETON 

SKULL 

VERTEBRAL  COLUMN 

BONY  THORAX 

PELVIS 

-INERTIAL  PROPERTIES 

RANGE  Of  MOTION 

RANGE  Of  MOTION 

GEOMETRY 

BACK 

BACK-’SHOULDER 

BACK  MUSCLES 

SUBOCCIPITAt  REGION 

DIMENSIONS! 

DIMENSIONS 

MUSCLE-BONE  MAPS 

THORAX 

THORACIC  WALL  I 

SUPERFICIAL  MUSCULATURE 

DEEP  MUSCULATURE 

THORACIC  WALL  U 

INTRINSIC  THORACIC  MUSCULATURE 

THORACIC  WALL  m 

TRANSVERSE  THORACIC  MUSCULATURE 

MUSClE'RONE  MAPS 
DIMENSIONS 

ABDOMEN 

ABDOMINAL  MUSCULATURE 

ABDOMINAL  VISCERA 

DIMENSIONS 

MUSCLE /BONE  MAPS 

PELVIS 

PELVISaUMBAR  SPINE 

GEOMETRY 

MUSClifBONE  MAPS 

- Type  of  gross  anatomical  data  required  on  the  rhesus  monkey,  baboon,  and  chimpanzee 


GEOMETRIC  I STRENGTH  REQUIREMENTS 


COMPONENTS 
• VERTEBRAL  BODY 

REQUIREMENTS 

CE0M£TRY^C£NTR* 

ARTICULAR  FACETS 

STRENGTH 

* INTERVERTEBRAL  DISK 

GEOMETRY 

STRENGTH 

• VERTEBRAL  BODY  COMPLEX 

STRENGTH 

FAILURE  MOOES 

LIGAMENTOUS  STRENGTH 

GEOMETRY 

STRENGTH 

REGIONAL  SPINAL  MECHANICS 

GEOMETRY  1 RANCE  Of  MOTION 

* INTRAOlSCAl  PRESSURE 

PRESSURE 

• LIGAMENTOUS  PRESTRESS 

STRENGTH  RELATIONS 

SKELETAL  ATTACHMENT  Of  TRANSDUCERS 

DEFINITION  OP  MUSCLE  ACTION 

IN  VlVg  MUSCLE  FORCE  MEASUREMENTS  — 

THORAX 

KMCTIONS,  SfRAINS,  WtiSUSt,  FAUUM  FSOfEHIES,  G»GSS  Ml  OH  Will  ON 

ABDOMEN 

DEFLECTIONS.  STRAINS,  PRESSURE 

PELVIS 

GEOMETRY 

Table  11  - Identification  of  the  axial  skeletal  system  components  and  type  of  data  required  on 
the  rhesus  monkey,  baboon,  and  chimpanzee  - The  asterisk  1«1  indicates  efforts  are  currently 
underway. 
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REGIONAL  A .4  A TOM  Y SI  OMECHANICAL  INVESTIGATIONS 


REGIONAL  ANATOMY 

REQUIREMENTS 

HCAO/CERVICAl  SPINC 

RANGE  OF  MOTION  STRENGTH  CHARACTERISTICS 

THORAX 

RANGE  OF  MOTION Rll  INTERACTION 

axial  skeleton 

LOAD  TRANSMISSION  1 ATTENUATION  PATHWAYS 

> VERTEIRAl  CENTRA 

2.  ARTICULAR  FACETS 

I.  AIOOMINAI  / THORACIC  CAVITY 

RANGE  OF  MOTION 

GEOMETRIC  / MATERIAL  PROPERTIES 

• IMPEDANCE 

SPINAL  COLUMN  1 INTRAAIOOMINAI  1 INTRATHORACIC  PRESSURE 

RELATIONSHIPS 

Table  III  - Types  of  regional  anatomical  biomechanical  investigation  required  to  complete 
validation  of  the  model.  The  asterisk  (*)  indicates  investigations  are  currently  underway. 
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Frequency  Response  of  Cardiovascular  Regulation  in  Canines 
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SUMMARY 

Sinusoidal,  whole  body  acceleration  was  used  as  a noninvasive  forcing  function  to  the  cardiovascular 
system  of  unanesthetized,  chronically  instrumented  canines  to  determine  the  low  frequency  (<i  Hz)  dynamics  of 
integrated  barostatic  cardiovascular  regulation.  Animals  were  restrained  horizontally  on  an  independently 
controlled,  rotatable  platform  attached  to  the  arm  of  a 35  m diameter  cbntrifuge,  Kith  this  centrifuge  con- 
figuration, sinusoidal  variations  in  spinal  axis  acceleration  {♦  2 G ) were  produced  at  frequencies  from  0.008 
to  0.25  Hz.  Aortic  pressure  and  flow,  right  and  left  ventricular  pressure,  heart  rate  and  spinal  axis  acce- 
leration were  digitally  sampled  and  filtered.  Two  additional  variables,  effective  systemic  vascular  resist- 
ance and  left  ventricular  stroke  flow  were  also  computed.  The  filtered  data  were  then  Fourier  analyzed. 

The  participation  of  neural ly-mediated  cardiac  and  vascular  baroreflex  mechanisms  in  the  overall  response  was 
evaluated  by  comparing  the  subjects'  responses  in  a reflexive  (neurally  active)  and  non-reflexive  (neurally 
blockaded)  condition.  Transfer  functions  were  then  derived  to  describe  the  passive  acceleration-induced 
intravascular  pressure  disturbances  and  the  control  action  of  the  major  baroreflex  mechanisms. 

The  dynamic  (oscillatory)  frequency  response  of  the  major  cardiac  and  vascular  baroreflex  mechanisms 
was  found  to  be  limited  primarily  to  the  frequency  range  below  0.10  Hz.  A comparison  of  the  participation  of 
cardiac  and  vascular  mechanisms  in  the  overall  responses  indicated  that  barostatic  control  is  achieved  princi- 
pally via  the  systemic  vascular  mechanisms  below  0.02  Hz,  via  the  cardiac  mechanisms  from  0.04  to  0.10  Hz, 
and  by  the  combined  action  of  the  two  between  0.02  and  0.04  Hz. 

INTRODUCTION 

Certain  aerial  combat  maneuvers  and  the  flight  of  high  speed,  low  altitude,  terrain-following  aircraft 
expose  operational  crews  to  dynamic  acceleration  environments  with  a significant  frequency  content  below 
1.0  Hz  (19,20).  Essential  cardiovascular  control  may  be  significantly  challenged  by  these  dynamic,  force- 
field  environments  which  produce  transient  pressure,  flow  and  volume  disturbances  to  the  cardiovascular 
system.  The  degree  to  which  the  barostatic  control  network  is  able  to  minimize  these  transient  acceleration- 
induced  disturbances  is  determined  by  the  dynamic  response  characteristics  and  integrated  function  of  the 
individual  cardiac  and  vascular  control  mechanisms. 

The  majority  of  previous  studies  of  neural  barostatic  cardiovascular  regulation  (6-18)  using  a Systems 
Analysis  Approach  (26-28)  examined  the  response  of  specific  control  mechanisms  to  invasively-appl ied  localized 
pressure,  volume  and/or  flow  disturbances  using  anesthetized  animal  preparations.  Consequently,  the  appli- 
cation of  the  results  to  normal  integrated  barostatic  control  In  unanesthetized  animals,  exposed  to  the 
global  arterial  and  venous  disturbances  associated  with  whole  body  acceleration,  is  unclear. 

Considerable  research  has  also  been  conducted  to  quantify  cardiovascular  responses  to  whole-body  ac- 
celeration. While  responses  to  sustained  acceleration  (1,2,5)  and  time-dependent  acceleration  loadings 
above  1.0  Hz  (whole  body  vibration)  (21-23)  have  been  extensively  researched  and  documented,  there  is  a 
very  limited  amount  of  information  (24,25)  available  concerning  responses  to,  and  potential  physiological 
hazards  associated  with,  acceleration  at  frequencies  below  1.0  Hz. 

This  lack  of  information  concerning  the  low  frequency  (<1  Hz)  dynamics  of  integrated  barostatic 
cardiovascular  regulation  has  hampered  efforts  to  model  human  cardiovascular  responses  to  time  dependent 
acceleration  loadings,  in  order  to  assess  potential  hazards  to  flight  personnel.  To  alleviate  this 
critical  shortage  of  data,  studies  have  been  conducted  using  unanesthetized,  chronically  instrumented  canines 
to  quantify  cardiovascular  responses  to  whole  body  acceleration  below  1 Hz,  and  to  establish  the  frequency 
response  characteristics  of  cardiovascular  regulation  in  this  region.  Measurements  from  invasive  instru- 
mentation, possible  only  with  this  type  of  animal  preparation,  are  vital  for  conducting  realistic  model 
studies  and  for  identifying  the  meaningful  variables  for  assessing  acceleration-induced  cardiovascular 
responses  when  noninvasive  measurements  are  made  on  man. 

The  specific  objectives  of  this  research  effort  were  to: 

1.  Quantify  the  pressure  and  flow  disturbances  produced  by  whole-body  sinusoidal  G acceleration  as  a 
function  of  acceleration  frequency. 

2.  Quantify  the  reflex  circulatory  adjustments  to  these  disturbances,  emphasizing  the  participation 
and,  hence,  frequency  response  characteristics  of  the  individual  cardiac  (heart  rate  and  stroke 
volume)  and  vascular  (resistance  and  capacitance)  control  mechanisms  involved  in  these  adjustments. 

3.  Determine  the  active  (reflexive)  versus  passive  (nonreflexive)  response  characteristics  of  the 
circulatory  network,  by  studying  the  animals  in  a normal  (reflexive)  state  and  in  a pharmacologi- 
cally-blockaded (nonreflexive)  state  where  the  regulatory  action  of  the  major  cardiovascular 
control  mechanisms  was  inhibited. 

4.  Develop  transfer  functions  encompassing  the  response  characteristics  of  the  major  barostatic  con- 
trol mechanisms,  based  on  this  and  previous  work,  which  are  suitable  for  inclusion  in  existing 
passive  (nonreflexive)  cardiovascular  models  (3). 


* Currently  with  the  Department  of  Mechanical  Engineering,  Tennessee  Technological  University,  Cookeville, 
Tennessee,  38501. 
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EXPERIMENTAL  DESIGN  AND  PROTOCOL 
A.  Chronically  Instrumented  Animal  Preparation 

Adult  male  and  female  mongrel  dogs  of  20  kg  average  weight  were  used  in  this  study.  Each  dog  was 
anesthetized  with  sodium  penothal  and  prepared  for  sterile  surgery.  A left  thoracotomy  was  performed  and  a 
left  ventricular  pressure  gauge  (Konigsberq  Instruments),  a right  atrial  cannula,  and  an  aortic  flow  cuff 
on  the  ascending  aorta  (Zepeda  Instruments;  were  implanted  (4,41,4S).  Each  animal  was  allowed  at  least 
four  weeks  of  post-operative  recovery  prior  to  any  experimental  intervention.  The  principles  of  laboratory 
care  as  outlined  by  the  National  Society  for  Medical  Research  were  rigorously  observed. 

On  the  day  of  the  experiment,  the  animal  was  tranquilized  with  an  intramuscular  injection  of  Innovar 
Vet  at  1.5  cc/20  kg.  Piezoelectric  manometer-tipped  catheters  (Millar  PC  350,  5 French)  were  placed,  under 
local  anesthetic,  in  the  right  and  left  ventricles  via  small  branches  of  a main  femoral  vein  and  artery 
respectively.  One  Millar  gauge  was  used  to  calibrate  the  implanted  Konigsberg  gauge  and  then  retracted  into 
the  aorta,  just  outside  the  aortic  valve,  to  measure  arterial  pressure.  The  animal  was  maintained  in  a 
lightly  tranquilized  state  for  the  duration  of  the  experiment  with  hourly  injections  of  Innovar  (0.5  cc) 
administered  through  the  right  atrial  cannula. 

The  measured  physiological  variables  Included  aortic  pressure  and  flow,  left  and  right  ventricular  pres- 
sure, and  heart  rate  (derived  from  left  ventricular  pressure). 

8.  Procedure  For  Autonomic  Blockade 

In  order  to  delineate  the  neural  and  nonneural  components  of  the  measured  cardiovascular  responses  to 
acceleration,  a pharmacologically-induced  total  autonomic  blockade  was  used  to  inhibit  adrenergic  and  cho- 
linergic efferent  activity  (Figure  1),  thus  removing  normal  reflex  barostatic  action.  This  approach  was 
chosen  because  the  use  of  pharmacological  blocking  agents  has  several  advantages  over  other  techniques  in  that 
1)  It  Is  a standard  procedure  with  many  of  its  limitations  well  documented;  2)  the  effects  of  these  agents 
are  distributed  throughout  the  system  and  do  not  have  the  uncertainty  associated  with  attempts  at  total 
denervation;  and  3)  the  use  of  these  agents  allows  for  repeated  blocked  and  nonblocked  studies  on  the  same 
animal  without  compromising  the  Integrity  of  the  preparation. 


Fig.  1,  Schematic  of  the  sarostatic  control  system  for  response  to  acceieration- 
, induced  pressure  disturbances  in  the  cardiovascular  system. 

Specifically,  the  total  autonomic  blockade  consisted  of  the  alpha  adrenergic  blocker,  phenoxybentymine 
1°  *®.: 30  '"9/k9  administered  over  an  hour.  f01  lowed  by  beta  blockade  with  propranolol 
4*  ' ° ? T?/n9,°!*V2pro’!!m4te,y  ten  *>"°wed  by  cholinergic  blockade  with  atropine 

°'  4 V over  4PProx1ni‘ely  five  Nlnutes.  The  efficacy  of  the  blockade  was 

*, conparlson  of  systemic  responses  to  specific  agonists  given  prior  to  blockade, 

? °xnn9  4n * *9*ln  at  the  conclusion  of  the  blocked  acceleration  sequence.  These  consisted 

of  a 50  ug/kg  bolus  of  phenylephrine  (Neosynephrine)  to  test  the  alpha  blockade  aS  a 0.5  ug/kg  bolus  of 

'riiSE*1  hI°w^MtheHb*t4  bl°Ck4de>,  If  he4rt  r4U  evidence  of  parasSath^lc  activity 
i n*grea ter°deta!  1 ^elsewhere* ( 3d! 3! )9os49®  Ms  *"PPl««ted.  This  blockade  and  test  procedure  is  discussed 
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C.  Centrifuge  Facility 

tow  frequency  acceleration  loadinqs  were  produced  by  a molified  50  ft,  (15.24m)  diameter  centrifuge 
shown  in  Figure  2.  This  system  was  used  to  produce  sinusoidal  acceleration  below  1,0  H.'  at  ♦ 20  (1  G - 
9.806  m/sec*).  Mounted  to  the  large  arm  of  the  centrifuge  (Figure  2-a)  is  a platform  (Figure  2-6)  capable  of 
rotation  speeds  from  0,005  to  11,5  rad/sec.  The  animal  subject  was  restrained  horizontally  on  this  platform 
so  that  its  center  of  rotation  was  approximately  at  heart  level.  With  the  large  centrifuge  arm  rotating  a* 
an  appropriate  speed  to  produce  the  desired  radial  peak  acceleration,  an  initiation  of  the  platform  rotation 
produces  sinusoidal  G (spinal  axis)  acceleration  loadings.  This  configuration  also  produces  sinusoidal 
G (lateral)  acceleration  90"’  out  of  phase  with  that  o 12>  and  a el  G^  acceleration  vector  due  to  larth 
gravity.  The  exact  time  representations  of  the  G^  and  acceleration  loadings  are  given  by  (36): 

Gz  * cos(«rt)  - („>R  - „.r)2r]er  and  Gy  = [-„>R"R  s'n(,.yt)]ep  [1] 


where 


R = the  radial  distance  from  the  center  of  rotation  of  the  large  centrifuge  arm  to  the  center  of 
rotation  of  the  platform, 

r - the  radial  distance  from  the  center  of  rotation  of  the  platform  to  an  arbitrary  point  along  the 
spinal  axis  of  the  animal, 

jr  - the  rotational  speed  of  the  platform  (determines  the  acceleration  frequency), 
er,ep  = un't  vectors,  with  ep  perpendicular  to  er- 

It  should  be  noted  that  the  G component  of  acceleration  contains  two  terms.  The  first  is  the  desired  spinal 
axis  sinusoid  of  constant  amplitude.  The  second  is  a bias  term  representing  a "dc  offset"  of  this  sinusoid 
due  to  the  interactive  effect  of  the  rotation  rates  „>R  and  « , at  various  distances  r along  the  spinal  axis. 


Fig,  2,  Successive  close-ups  of  the  Wenner-Gren  centrifuge  modification: 

a.  Rotating  platform  mounted  on  arm  of  conventional  centrifuge 

b.  Close-up  detailing  rotating  platform  with  associated  drive  train 

c.  Close-up  detailing  animal  restraint  (front  view  of  rectangular  box)  with 
associated  instrumentation  on  each  side 

d.  Time  exposure  of  slowly  rotating  platform 


away  from  the  platform’s  center  of  rotation  (r=0).  This  bias  term  can  be  minimized  (or  negated)  by  a proper 
choice  of  and  »>  , with  the  two  being  of  opposite  sign.  In  the  present  study  R J 6. Ul  m and  ,.R  1 1.8  rad/ 
sec,  which  yielded'the  desired  2 G sinusoid  with  less  than  a 0.006  G/cm  bias  along  the  animal's  spinal  axis 
for  acceleration  frequencies  from  0.005  to  0.25  Hz. 

While  cardiovascular  responses  to  G and  G^  sustained  acceleration  have  been  shown  to  be  relatively 
sinal1  when  compared  to  those  of  the  G direction'(l),  their  potential  influence  cannot  be  totally  disregarded 
when  interpreting  data  from  these  experiments, 

AH  physiological  signals  from  the  animal  and  the  6 acceleration  were  conditioned  and  preamplified  by 
electronics  contained  on  the  rotating  platform  (Figure  2-c),  and  then  transmitted  through  two  sets  of  slip 
rings  (platform  and  centrifuge  axes)  and  a long  line  interface  to  a remote  location  where  they  were  monitored 
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and  recorded. 

0.  Acceleration  Protocol 

An  acceleration  amplitude  of  +.  2 P was  chosen  for  this  study  for  a number  of  reasons:  It  was  felt 
that  this  acceleration  level  would  represent  a stress  somewhat  greater  than  that  seen  by  the  animal  during 
normal  physical  activity,  but  less  than  that  which  might  produce  total  circulatory  collapse.  The  latter 
possibility  was  of  particular  concern  during  the  blockaded  runs,  w..ere  the  animal's  compensatory  mechanisms 
were  purposely  compromised.  In  addition,  it  was  estimated  that  this  acceleration  level  would  generate  Intra- 
vascular pressure  disturbances  in  the  range  of  * 10-20  mm  Hg,  similar  to  the  Invasively-applied  pressure 
stimulus  used  in  previous  studies. 

On  the  day  of  experiment,  after  placement  of  the  acute  Instrumentation,  the  animal  was  placed  In  the 
restraint  couch  and  mounted  on  the  rotating  platform  (Figure  2-c).  The  instrumentation  leads  were  then  con- 
nected and  tested,  and  all  signals  were  calibrated,  thus  readying  the  animal  for  the  test  series. 

All  variables  were  allowed  to  stabilize  for  a pre-acceleration  control  period.  The  test  series  then 
consisted  of  + 2 G sinusoidal  acceleration  at  discrete  frequencies  in  the  range  from  0.005  to  0.25  Hz.  The 
frequencies  were  run  sequentially  (low-to-high  in  most  animals)  without  stopping,  allowing  from  3-4  min  at 
the  low  frequencies  and  1-2  min  at  the  highest.  It  was  found  that  this  continuous  frequency  "sweep"  minimized 
startling  responses  associated  with  centrifuge  start  up  and  shut  down,  thus  enhancing  the  stability  of 
responses  at  each  frequency.  A number  of  animals  were  run  using  random  sequencing  of  the  frequencies,  and 
both  low-to-high  and  hlgh-to-low  protocols,  to  determine  the  influence  of  these  factors  on  the  overall  res- 
ponses. The  effect  was  minimal.  At  the  conclusion  of  the  frequency  sweep  the  animal  was  allowed  a suitable 
recovery  period,  during  which  all  variables  could  return  to  pre-acceleration  control  levels.  Next,  the 
animals  were  tested  to  determine  their  pre-blockade  response  to  the  appropriate  adrenergic  agonists  after 
which  time  the  total  blockade  was  implemented  and  a second  post-blockade,  pre-acceleration  test  made.  The 
same  control -test-recovery  sequence  used  in  the  nonblocked  rur.  was  then  repeated.  Finally,  another  test  was 
made  to  verify  the  efficacy  of  the  total  blockade. 

DATA  ANALYSIS 

During  each  experimental  session,  a continuous  on-line  magnetic  tape  record  (Ampex  FR-3020,  14  channel 
recorder)  and  a strip  chart  record  (Beckman  Type-RM  Dynograph,  8 channel  recorder)  was  made  of  the  following 
variables:  spinal  axis  acceleration  (ACC),  heart  rate  (HR),  aortic  pressure  (AP)  and  flow  (AF),  right  ventri- 
cular pressure  (RVP),  and  left  ventricular  pressure  (LVP).  The  HR  variable  was  generated  by  a calibrated 
cardiotachometer  (Beckman  Type  9857B)  triggered  from  the  phasic  LVP  signal.  The  strip  chart  data  was  re- 
viewed, off-line,  to  determine  exact  acceleration  frequencies,  and  inclusive  tape  counts  and  record  (time) 
lengths  for  each  edited  "window"  of  data  to  be  digitally  sampled  and  Fourier  analyzed. 

The  sampling  and  Fourier  analysis  of  the  data  were  carried  out  on  a Digital  Equipment  Corporation  (DEC) 
PDP-U/10  minicomputer  system,  with  the  aid  of  the  DEC  LAB  APPLICATIONS-II,  V-3  library  package  and  a number 
of  user-written  BASIC  applications  programs.  Details  of  the  analysis  are  reported  elsewhere  (4). 

Representative  phasic  analog  data  shown  in  Figure  3 is  presented  In  Its  digitally-filtered  form  In 
Figure  4. 
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Fig.  3.  Example  of  phasic  cardiovascular  data:  The  response  of  one  animal  in  both  a nonblocked 
and  autonomically-blocked  state  at  three  acceleration  frequencies,  with  one  secend 
event  markers  shown  above  the  AP  traces. 
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The  purpose  of  filtering  the  sampled  data  was  to  avoid  the  phenomen  of  spectral  “aliasing”  (37)  in  the 
compressed  data,  and  hence  in  the  Fourier  analyzed  results. 

After  filtering  and  compression  the  paired  input  (ACCJ  and  output  (AP,  DRVP,  AF,  and  HR)  waveforms 
were  Fourier  analyzed  using  the  SPARTA  program  from  the  LAB  APPLICATIONS  library.  Two  additional  calculated 
output  variables,  effective  systemic  resistance  ER  = (AP-DRVPJ/AF  and  stroke  flow  SF  = AF/HR  were  also  fre- 
quency analysed. 
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Fig.  4.  Example  of  filtered  cardiovascular  data:  The  digitally-filtered  representation 
of  the  phasic  response  data  from  the  preceding  Figure,  for  one  animal  in  both  a 
nonblocked  and  autonomical ly-blocked  state  at  three  acceleration  frequencies. 


The  mean  (nonoscillatory)  response  and  amplit"de/phase  values  of  the  first  several  harmonics  (of  the 
input  acceleration  frequency)  were  saved  from  the  computed  spectrum  of  each  output  variable.  In  specific- 
cases,  where  predictable  inaccuracies  due  to  spectrum  “leakage"  or  the  digital  filtering  occurred  in  the  data, 
suitable  correction  factors  were  applied.  An  example  of  the  Fourier  analyzed  power  spectra  for  the  HR 
response  of  one  subject  to  0.008  - 0.65  Hz,  * 2G  sinusoidal  acceleration  is  shown  in  Figure  5,  which  is  a 
composite  plot  of  the  individual  amplitude  spectrum  for  each  discrete  input  frequency.  While  second  and 
third  harmonics  of  the  input  acceleration  frequency  can  be  seen,  predominance  of  the  first  harmonic  in  the 
response  is  apparent. 
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Fig,  %,  Orthogonal  representation  of  tart  rite  response  versus  spectre! 

frequency,  is  * function  of  input  acceleration  frequency,  for  or*  nonb locked 
iniaial  during  exposure  to  0,008  - 0.6S0  Hi,  c ? (Ml)  sinusoid*)  acceleration. 
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C.  Grouping  of  Data,  Statistical  Treatment 

While  the  presentation  of  data  for  Individual  animals  Is  appropriate  to  emphasize  specific  aspects  of 
acceleration-induced  cardiovascular  responses,  the  presentation  of  group  data  is  desirable  In  so  far  as  it 
serves  to  demonstrate  the  similarity  of  responses  of  all  animals,  facilitate  the  comparison  of  nonblockad  and 
autonomlcally-blocked  responses,  and  the  identification  of  frequency-dependent  trends  In  the  responses.  Due 
principally  to  practical  hardware  limitations  associated  with  the  operation  of  the  centrifuge  facility, 
acceleration  test  frequencies  were  not  matched  exactly  for  Individual  subjects  during  the  nonblocked  and 
blocked  runs,  nor  from  one  animal  to  the  next.  Consequently,  for  the  presentation  of  group  responses,  the 
data  are  grouped  Into  nine  frequency  ranges  and  averaged.  The  frequency  ranges  are  given  in  Table  1,  and 
have  been  selected  so  that  each  animal  is  represented  within  a given  range  for  both  the  nonblocked  and  blocked 
runs.  In  cases  where  an  individual  subject  was  run  at  more  than  one  test  frequency  within  a frequency  range, 
the  subject's  data  were  averaged.  The  data  for  all  animals  were  then  averaged  and  statistically  compared, 
by  frequency  range,  for  both  the  nonblocked  and  blocked  states,  using  an  analysis  of  variance  test  called 
Treatments-By-Subjects  Design  (38).  Completely  Randomized  Design  was  also  used  to  check  for  carry-over 
effects  from  one  treatment  to  the  next,  which  Is  not  tested  for  with  the  Treatments-By-Subjects  Design.  After 
the  analysis  of  variance  is  satisfied,  a t-Test  for  the  Difference  Among  Several  Means  derived  from  Treatments 
-By-Subjects  Oeslgn  Is  used  to  determine  which  means  differ  from  each  other.  In  order  not  to  violate  the 
Probability  Theory,  all  treatments  are  tested,  as  seen  In  Table  1.  Table  1 Is  a comparison  of  group  means 
of  various  cardiovascular  response  variables  by  frequency  range,  In  the  nonblocked  versus  blocked  states, 
with  levels  of  significance  for  the  difference  between  means  appropriately  Indicated. 
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RESULTS 


Data  from  eight  dogs  were  aval (able  for  analysis.  Since  a comparison  of  nonblocked  and  blocked 
responses  was  a principal  concern  In  this  tndy,  one  subject  was  dropped  from  consideration  due  to  loss  of 
blockade  during  the  experiments.  Two  other  animals  were  dropped,  because  of  malfunctioning  pressure  or  flow 
Instrumentation.  The  resulting  group  of  five  animals  (hereafter  referred  to  as  the  “group")  consisted  nf 
two  females  and  three  males. 

Both  the  graphical  and  verbal  presentations  will  be  based  primarily  on  a comparison  of  the  nonblocked 
and  blocked  grorp  response  of  particular  cardiovascular  variables  as  a function  of  acceleration  frequency. 

In  addition,  It  should  be  noted  that  the  data  has  not  been  normalized  with  respect  to  acceleration  level 
(l.e.,  response  value  per  G)  since  the  acceleration  Input  or  forcing  function  was  of  a constant  2 G amplitude. 

With  reference  to  Figure  ♦ It  can  be  seen  that  while  the  Input  function  (ACC)  Is  sinusoidal,  the  out- 
put responses  (AP,  DRVP,  AF  and  HR)  are  definitely  nonsinusoldal , Implying  a nonllneat  Input/output  relation- 
ship. In  cases  where  output  oscillations  are  seen,  however,  they  contain  a major  component  at  the  same 
frequency  as  the  Input  acceleration  frequency.  Thus  the  Input/output  relationship  will  be  presented  using  a 
“describing  function”  technique  (39);  a frequency- response  method  for  handling  nonlinear  systems. 

The  graphical  representation  of  the  response  of  each  variable  will  generally  Include  the  following  In- 
formation for  both  the  nonblocked  and  blocked  tests:  1)  mean  value  of  the  response  for  control  and  recovery 
periods  (pre  and  post-acceleration  respectively)  and  for  the  acceleration  series,  and  ?)  tha  amplitude  and 
relative  phase  of  the  first  (fundamental)  Fourier  component  of  the  response,  as  a function  of  acceleration 
frequency  (output  lagging  Input  denoted  by  positive  phase  angles).  Dots  above  and  below  each  data  point 
Indicated  the  range  of  the  Standard  Error  of  the  Mean  (SEM). 

Since  sinusoidal  acceleration  was  the  primary  stimulus  applied  to  the  cardiovascular  system,  the 
response  of  the  measured  variables  (AP,  DRVP,  AF  and  HR)  and  calculated  variables  (ER  and  SF)  will  be 
examined  Initially  from  the  standpoint  of  their  relationship  to  acceleration. 
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The  response  of  the  controlled  variable,  aortic  pressure  CAP)  is  shown  in  Figure  6,  After  the  initia- 
tion of  the  acceleration  run  there  is  an  overall  stress  response,  indicated  by  a 10-30  mm  Hg  increase  in  AP 
mean.  This  increased  pressure  is  maintained  throughout  the  entire  test  series,  at  an  almost  constant  level, 
and  remains  into  the  recovery  period.  Except  for  the  pre-acceleration  control  period,  there  was  no  signifi- 
cant difference  between  blocked  and  non-blocked  AP  means.  On  the  other  hand,  blocked  AP  amplitude  has  a 
significant  frequency  dependent  response,  with  a peak  of  18  mm  Hg  at  0.04  Hi,  and  a tendency  toward  reduced 
oscillations  at  higher  frequencies.  Viewing  blocked  AP  amplitude  as  the  passive  accele-ation-induced  "open 
loop"  input  to  the  baroreceptors , and  comparing  these  oscillations  with  the  nonblocked  AP  amplitude  response, 
it  can  be  seen  that  reflex  barostatic  mechanisms  are  able  to  achieve  a significant  degree  (P>.01)  of  reflex 
adjustment  for  frequencies  up  to  about  0.08  Hz . Above  this  frequency  there  was  no  significant  difference 
between  non-blocked  and  blocked  AP  amplitude,  indicating  a lack  of  effective  regulatory  response.  These 
features  of  the  AP  response  are  better  illustrated  in  Figure  7,  which  shows  the  relative  nonblocked/blocked 
response.  Of  special  interest  in  Figure  7 is  the  relative  AP  amplitude  which  is  equal  to  the  (nonblorked- 
blocked)/blocked  AP  amplitudes  from  Figure  6.  With  a value  of  1.0  denoting  no  compensatory  regulation, 
relative  AP  amplitude  indicates  a 30-35t  reflex  adjustment  of  the  passive  (i.e.,  blacked)  acceleration- 
induced  pressure  disturbances  up  to  0.07  Hz.  Blocked  AP  phase  (Figure  6)  exhibits  a definite  frequency- 
dependent  trend,  but  essentially  lags  acceleration  by  180  , thus  supporting  the  contention  that  the  oscilla- 
tory blocked  AP  response  represents  a passively-produced  (i.e.,  "Hydraulic")  pressure  disturbance  within  the 
cardiovascular  system.  Nonblocked  AP  phase  was  similar,  but  shifted  by  approximately  30-40°. 
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In  contrast  to  AP,  the  response  of  diastolic  right  ventricular  pressure  (DRVP,  which  is  roughly  equiva- 
lent to  central  venous  pressure)  is  essentially  identical  for  both  blocked  and  nonblocked  cases,  as  Figure  8 
shows.  During  the  acceleration  series  there  is  a slight  elevation  (3-5  ■■  Hg)  in  DRVP  mean  from  the  control/ 
recovery  levels,  which  is  probably  indicative  of  an  overall  syftemic  pressor  response,  as  was  seen  in  AP 
mean.  The  response  of  DRVP  amplitude  ranges  from  5 tn  12  nm  Hg,  with  an  apparent  (although  not  significant) 
trend  toward  greater  oscillatory  amplitudes  at  higher  frequencies.  Finally,  there  is  a constant  180°  lag  of 
DRVP  phase  with  respect  to  acceleration.  These  DRVP  amplitude  and  phase  data  indicate  that  for  the  frequency 
range  from  0.008  to  0.25  Hz,  the  venous  system  essentially  responds  to  acceleration  as  a passive  element  in 
the  circulatory  network  (i.e. , is  not  a controlled  variable).  This  1 not  to  say,  however,  that  the  mean 
level  of  central  venous  pressure  is  not  controlled  (e.g,,  DRVP  mean  response),  nor  that  venous  pressure 
oscillations  are  not  sensed  and  do  not  provide  efferent  information  to  the  barostatic  regulatory  mechanisms. 

Since  the  AP  data  (Figures  6 and  7)  indicate  some  level  of  effective  barostatic  regulation,  it  is  im- 
portant to  determine  the  participation  of  vascular  and  cardiac  mechanisms  in  these  responses.  The  first  of 
these  mechanisms,  effective  systemic  resistance  (ER).  is  shown  in  Figured.  As  noted  previously,  ER  is  a 
calculated  variable,  defined  as  (AP-DR¥P)/AF,  where  AF  is  aortic  flow.  Consequently,  while  ER  is  not  a 
rigorous  measure  of  resistance  on  the  peripheral  vascular  level,  it  does  represent  an  index  of  the  overall 
or  compos i tb  level  of  systemic  vascular  (resistance)  activity.  The  apparent  pressor  reflex  noted  in  the  rise 
of  AP  mean  and  DRVP  mean  during  acceleration  is  also  seen  In  the  ER  mean  response  for  frequencies  up  to  0,04 


A 1 4-8 


Hz.  At  the  onset  of  the  accelerator  .un,  ER  mean  goes  from  a control  value  of  40-50  mm  Hg/(L/min)  to 
approximately  65  mm  Hg/(L/min)  for  both  the  blocked  and  nonblocked  cases.  The  nonblocked  and  blocked  values 
of  ER  mean  are  not  significantly  different  during  eitner  the  acceleration  series  or  in  the  recovery  period. 
Both  are  essentially  constant  (65-70  nm  Hg/ vL/min) ) up  to  0.04  Hz,  with  a decreasing  trend  at  higher  frequen- 
cies. Nonblocked  ER  amplitude  and  phase  are  highly  frequency -dependent.  The  amplitude  Increases  from 
about  8 mm  Hg/(L/min)  at  0.008  Hz  to  a maximum  resonant  peak  of  approximately  12  mm  Hg/(L/m1n),  followed  by 
a decrease  to  a value  around  4 mm  Hg/(L/min)  above  0.13  Hz.  Nonblocked  ER  phuse  increases  with  acceleration 
frequency,  from  0°  at  0.008  Hz  to  about  150°  at  0.065  Hz  remaining  150-180°  out  of  phase  with  acceleration 
above  0.065  Hz.  These  nonblocked  ER  ampl i tude/phase  data  indicate  roughly  an  underdamped  second-order 
response.  The  blocked  ER  amplitude  response  is,  however,  essentially  invariant  with  frequency  (about  4 mm  Hg/ 
(L/min))  from  0.008  to  0.25  Hz,  indicating  that  it  may  represent  a nonreflexive  R’seline  or  residdual  level 
resulting  from  nonneural  factors.  Consequently,  the  difference  between  the  nonblocked  and  blocked  ER  ampli- 
tude can  be  taken  as  the  actual  active  baroreflex-mediated  systemic  vascular  (resistance)  response.  Further- 
more, these  ER  amplitude  data  indicate  that  the  pharmacological  blockade  does  in  fact  inhibit  neurally- 
mediated  systemic  vascular  activity. 
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The  response  of  aortic  flow  (AF,  equal  to  cardiac  output  minus  coronary  flow),  the  second  determinant  of 
AP  is  shown  in  Figure  10.  There  ‘ias  a marginally  significant  different  (P> . 05)  between  the  nonblocked  and 
blocked  AF  mean  response  during  acceleration.  In  both  cases  AF  mean  tended  to  Increase  with  higher  acceler- 
ation frequencies.  This  trend  in  AF  mean,  along  with  the  tendency  of  ER  mean  to  decrease  at  higher  frequen- 
cies (Figure  9),  resulted  in  a more  or  less  constant  level  of  AP  mean  (Figure  6)  throughout  the  entire  fre- 
quency range.  Control  AF  mean  levels  were  equal  to  or  slightly  greater  than  the  low  frequency  values  (1.8-2. 2 
L/min),  whl'e  the  recovery  levels  reflected  the  larger,  high  frequency  values  (2. 3-2. 5 L/min).  The  nonblocked 
AF  amplitude  response  was  approximately  twice  the  blocked  response  for  frequencies  above  0.02  Hz,  demonstra- 
ting the  effect  of  heart  rate  oscillations  (an  influence  only  in  the  nonblocked  tests).  At  frequencies  below 
6.02  Hz  there  was  no  significant  difference  between  non-blocked  and  blocked  AF  amplitude.  Both  the  nonblocked 
and  blocked  AF  oscillations  were  about  180?  out  of  phase  with  acceleration  in  the  low  frequency  range,  and 
lagged  progressively  more  at  higher  frequencies.  The  large  difference  between  nonblocked  and  blocked  AF 
phase  in  the  range  from  ?.02o  to  0.13  Hz  is  another  consequence  of  heart  rate  oscillation,  krfiich  occurred 
(only)  during  the  nc.io'ocked  tests. 

Since  the  behavior  of  AF  responses  during  acceleration  is  directly  determined  by  both  heart  rate  and 
stroke  volume  changes,  the  response  of  these  variables  will  be  presented  next.  Heart  rate  (HR)  is  shown  in 
Figure  11.  The  first  fecture  of  HR  response  to  note  is  that  the  autonomic  blockade  did  effectively  inhibit 
reflex  heart  rate  changes.  Blocked  HR  mean  was  a constant  135  bpm  (beats  per  minute)  throughout  the  cceler- 
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ation  series,  and  for  the  control  and  recovery  periods.  Blocked  HR  amplitude  was  less  than  3,5  bpm,  so  that 
blocked  HR  phase  could  not  be  calculated  with  accuracy,  and  is  therefore  not  shown.  Nonblocked  HR  mean  in- 
creased from  a rest'ng,  control  level  of  107  bpm  to  a relatively  constant  120-125  bpm  during  the  acceleration 
series,  reflecting  the  overall  pressor  response  seen  in  previous  variables,  Nonblocked  HR  amplitude  is  high- 
ly frequency-dependent,  with  relatively  small  oscillations  of  approximately  8 bpm  at  0.008  Hz,  increasing  to 
a maximum  of  22  bpm  at  0.04-0.06  Hz,  and  then  decreasing  to  9 bpm  at  0.23  Hz.  At  the  same  time,  HR  phase 
leads  acceleration  by  approximately  90°  at  0,008  Hz,  then  increases  progressively  with  frequency  through 
0°  at  0.05  Hz,  to  a maximum  lag  of  90°  at  0.23  Hz.  These  amplitude/ phase  data  suggest  an  underdamped 
second-order  type  of  response. 
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Stroke  flow  (SF,  approximately  equal  to  left  ventricular  stroke  volume)  is  shown  in  Figure  12.  Non- 
blocked SF  was  consistently  5-7  ml/b  greater  than  blocked  SF  for  both  the  control  and  recovery  periods,  and 
during  the  acceleration  series.  Noting  the  reciprocal  relationship  between  HR  and  SF,  this  was  probably  due 
largely  to  the  higher  blocked  versus  nonblocked  HR  means  shown  in  Figure  11.  Nonblocked  and  blocked  SF  mean 
both  Increased  with  frequency,  approaching  their  control /recovery  values  at  the  high  end  of  the  frequency 
range.  The  low  frequency  decrease  of  SF  mean  from  control /recovery  levels  is  probably  due  to  Increased 
arterial  output  Impedance  (overall  pressor  response  noted  In  AP  mean  and  ER  mean.  Figures  9 and  6)  at  the 
lower  end  of  the  frequency  range,  while  the  high  frequency  recovery  of  SF  mean  reflects  a relaxation  of  this 
pressor  activity  above  0.05  Hz,  Due  to  the  influence  of  nonblocked  HR  amplitude  and  the  higher  level  of  non- 
blocked SF  mean,  the  nonblocked  SF  amplitude  Is  roughly  2-3  times  the  response  of  blocked  SF  amplitude.  Non- 
blocked SF  amplitude  shows  a slight  peaking  behavior  at  about  0,04  Hz,  within  the  frequency  range  where  heart 
rate  has  maximal  oscillations.  On  the  other  hand,  blocked  SF  amplitude  Is  essentially  frequency-invariant 
from  0.008  to  0.23  Hz.  There  was  no  significant  difference  between  nonblocked  and  blocked  SF  phase.  Both  were 
180  out  of  phase  at  low  frequencies,  then  showed  a further  lagging  tendency  with  Increasing  frequency. 

The  data  presented  above  indicate  a significant  neural ly-msdlated  response  of  cardiac  and  vascular 
mechanisms  during  exposure  to  low  frequency,  whole  body  acceleration.  It  is  Important  to  recognize,  however, 
that  these  reflex  mechanisms  are  probably  responding  primarily  to  Intravascular  pressure/flow  disturbances 
produced  by  the  acceleration  stress,  not  the  acceleration  Itself  (except  for  possible  vestibular  involvement 
[25,29],  Fig.  1).  Therefore,  in  order  to  model  the  barostatic  reflex  activity  seen  in  the  experimental  data, 
the  cardiac  and  vascular  control  mechanisms  will  be  viewed  primarily  from  the  standpoint  of  pressure  as  the 
sensed,  as  well  as  the  controlled  variable.  This  will  be  done  In  the  following  section. 
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RESPONSE  MODELING 


In  addition  to  providing  heretofore  unavailable  Information  about  the  l<x>  frequency  dynamics  of  Inte- 
grated barostatlc  cardiovascular  regulation  during  exposure  to  a natural,  nonlnvaslvely-applled  stress,  the 
results  of  these  studies  constitute  a quantitative  data  base  from  which  to  mathematically  model  the  major 
components  of  the  baroreflex  control  network.  The  approach  taken  In  this  study  was  to  derive  empirical  linear 
transfer  function,  using  "describing  function"  techniques,  to  characterize  the  general  reflex  action  of  the 
major  cardiac  and  vascular  control  components,  within  the  context  of  normal  Integrated  barostatlc  regulation 
Although  not  part  of  the  present  work.  It  is  Intended  that  these  transfer  functions  be  Incorporated  Into  an 
existing  passive  circulatory  model  (3,40)  which  Is  part  of  an  available  simulation  package  (41),  designed  to 
run  on  a PDP-11/10  minicomputer  system  having  limited  core  storage  capabilities. 


The  transfer  functions  to  be  presented  are  generally  of  proportional  or  proportional-plus-derivative 
second-order  from,  with  some  having  exponential  transportation  lag  terms.  Higher  order  terms  were  not  Inclu- 
ded In  the  derived  transfer  functions  for  several  reasons:  1)  Most  often  the  low  frequency  dynamics  of  the 
baroreflex  mechanisms  have  been  adequately  modeled  as  first  or  second-order  controllers,  with  Input/output 
time  lag  terms  in  particular  Instances.  In  addition,  the  amplitude/ phase  data  In  the  present  study  seem  to 
reflect  roughly  a second-order  type  of  response.  Consequently,  ft  was  felt  that  higher  order  terms  would  not 
be  necessary,  to  achieve  a reasonable  approximation  of  the  experimental  responses.  2)  Also,  the  eventual  In- 
corporation of  the  transfer  functions  Into  a total  cardiovascular  model  would  be  made  somewhat  more  difficult 
by  the  addition  of  higher  order  terms. 


A.  Acceleration-Induced  Pressure  Disturbances 


The  first  step  is  to  develop  a transfer  function  for  the  arterial  pressure  disturbances  generated  by 
whole  body  acceleration  within  the  passive,  nonreflexive  cardiovascular  system.  These  passively  produced  arte- 
rial pressure  disturbances  are  given  by  the  blocked  AP  amplltudc/phase  data  In  Figure  13,  and  are  Important 
because  they  represent:  1)  the  acceleratlon-to-arterlal  pressure  response  characteristics  that  must  be  realized 
In  a passive,  noncontrol  led  circulatory  model  before  baroreflex  components  can  be  added,  and  2)  those  pressure 
chances  which  the  baroreflex  mechanisms  should  act  to  minimize  (i.e. , the  "open  loop"  input  to  the  barorecep- 
turs).  These  data  were  least  squares  fitted  with  an  aceeleratfon-to-arterlal  pressure  transfer  function  of 
tne  form: 

(,)  . -5-85  tl.O  ♦ 12.98s) 

CC  1.0  ♦ 8.965s  + 10.55s2 


[2] 
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where  AP  » blocked  aortic  (arterial)  pressure 

ACC  * Input  acceleration,  of  2G  amplitude 
s * complex  quantity,  j« 
u * circular  frequency  rad/sec. 

This  proportional-plus-derlvatlve,  second  order  response  Indicates  a highly  dampled  (damping  coefficient, 

4 * 2.76)  system  with  an  undamped  natural  frequency  of  0,049  Hz.  Note  that  the  leading  gain  term  cf  the 
transfer  function  depicted  In  Figure  13  Is  twice  that  given  by  Equation  2,  reflecting  the  2G  acceleration 
amplitude  employed  In  the  present  study. 

Although  the  blocked  AP  response  represents  the  pressure  disturbance  generated  by  whole  body  accelera- 
tion within  the  passive  noncontrolled  arterial  system  and  Is,  therefore,  an  approximation  of  the  open  loop 
Input  to  the  baroreceptors , it  was  not  the  Input  seen  by  the  baroreceptors  during  the  nonblocked  accelera- 
tion tests.  In  the  nonblocked  tests,  since  the  barostatic  regulatory  mechanisms  are  functioning  in  a closed 
loop  integrated  fashion,  the  input  to  the  baroreceptors  Is  more  properly  approximated  by  the  nonblocked  AP 
response.  As  a result,  the  derivation  of  transfer  functions  for  baroreflex  action  of  the  Individual  cardiac 
and  vascular  control  mechanisms  was  approached  from  the  standpoint  of  nonblocked  AP  response  as  the  input 
variable. 
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B.  Systemic  Vascular  Mechanisms 

The  relative  aortic  pressure-to-effectlw  systemic  resistance  response  was  calculated  for  Individual 
animals.  The  group  data  were  then  compiled,  and  are  presented  In  Figure  14.  The  top  panel  of  Figure  14  shows 
the  ratio  of  nonblocked  ER  mean  to  nonblocked  AP  mean,  and  is  Included  to  emphasize  the  high  frequency  de- 
crease of  ER  mean  reported  earlier  In  the  presentation  of  results.  The  relation  ER  amplitude  was  calculated 
as  the  difference  between  nonblocked  and  blocked  ER  amplitudes  divided  by  the  nonblocked  AP  amplitude.  The 
difference  between  nonblocked  and  blocked  ER  amplitudes  was  used  In  this  computation,  because  It  was  felt  that 
this  was  a better  Index  of  the  active  barorefl ex-media ted  systemic  vascular  response  than  nonblocked  ER  ampli- 
tude alone.  The  relative  ER  phase,  calculated  as  the  difference  between  nonblocked  ER  phase  and  nonblocked  AP 
phase  <s  also  shown  In  Figure  14,  Kith  exception  of  the  lowest  frequency  (0.009  Hz),  It  can  be  seen  that  the 
relative  ER  smpMtu^e  data  Is  adequately  represented  as  a critically-damped  (c  * 1.22)  second-order  response, 
with  an  undamped  natural  frequency  of  0.055  Hz,  of  the  form: 

§ (s) =SJ5 

1.0  + 3.53s  + 8.374s2 


[3] 
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On  the  other  hand,  this  transfer  function  yields  a predicted  relative  ER  phase  that  does  not  match  the  ex- 
perimental results.  The  addition  of  a time  lag  term  to  Equation  3 did  not  significantly  enhance  the  overall 
fit  of  the  predicted  ER  phase,  and  was  therefore  not  included.  It  is  important  to  note,  however,  that  the 
dampi,.;  coefficient  and  resonant  frequency  inherent  in  Equation  3 fall  well  within  the  range  of  values  re- 
ported by  previous  investigators  who  studied  the  open  loop  carotid  sinus/arterial  pressure  response.  The 
present  data  suggest  the  arterial  pressure-to-systemic  resistance  transfer  relationship  is  higher  than 
second-order,  and  that  extra  higher  order  terms  need  be  added  to  Equation  3 in  order  to  obtain  an  accurate 
predictive  transfer  function  for  the  vascular  component  of  the  baroreflex  control  network. 


Several  investigators  (42,43)  have  verified  the  existence  of  sympathetic  afferent  mechanoreceptors  in 
the  right  atrium  and  pulmonary  artery,  and  suggested  that  these  may  elicit  efferent  pressor  responses  in  the 
peripheral  vasculature,  in  response  to  changes  in  venous  return  or  right  heart  pressure.  Taking  this  sugges- 
tion and  noting  that  whole  body  acceleration  produces  significant  right  atrial  pressure  changes  (Figure  8),  an 
attempt  was  made  to  derive  a DRVP-to-ER  transfer  relationship.  Using  nonblocked  ORVP  instead  of  nonblocked  AP 
as  the  input  variable,  a relative  ER  was  computed,  as  described  earlier.  The  experimental  data  based  upon 
this  computation  are  presented  in  Figure  15,  along  with  a fitted  transfer  function  of  the  form: 


ER 

DRW 


(s) 


. -l0,_64.O,_924s) exp  (.3,219$) 

1.0  + 3.006s  + 19.545s2 


[4] 


Equation  4 represents  an  underdamped  (c  * 0.68)  second-order  response,  with  an  undamped  natural  frequency  of 
0.036  Hz  and  an  input/output  time  lag  of  3.219  sec.  Although  this  transfer  function  does  not  have  a proven 
functional  basis  physiologically  speaking,  it  could  be  used  as  a phenomenological  predictor  of  effective 
systemic  resistance  (ER)  responses  for  frequencies  up  to  0.1  Hz. 

Two  general  observations  may  be  made  at  this  point  regarding  these  efforts  to  model  the  experimental  ER 
responses:  1)  either  baroreflex  control  of  integrated,  overall  systemic  resistance  activity  must  be  represen- 
ted by  a higher  than  second-order  controller,  or  2)  aortic  arch  pressure  alone  is  not  a suitable  input  varia- 
ble for  modeling  the  systemic  vascular  mechanisms. 

C.  Cardiac  Mechanisms 

A relative  HR  response  was  compjted  using  the  nonblocked  AP  and  HR  responses  as  the  input  and  output 
variables  respectively.  These  group  re’ative  HR  data  are  presented  in  Figure  16.  The  slight  high  frequency 
increase  in  relative  HR  mean  probably  indicates  a reflex  response  to  the  high  frequency  decrease  In  ER  mean 

(Figures  9andl4).  Relative  HR  amplitude  exhibits  a significant  peaking  response  at  about  0.06  Hz.  A com- 
parison of  the  phase  data  in  Figure  11  and  Figure  16  shows  that  while  HR  appears  to  be  leading  acceleration  at 

the  lowest  frequencies,  it  is  actually  in  "proper"  phase  with  respect  to  AP,  to  which  it  responds.  In  other 

words,  at  the  low  acceleration  frequencies  HR  Increases  as  AP  decreases.  It  was  found  that  the  relative  HR 
amplltude/phase  response  (Figure  16)  could  be  represented  reasonably  well  as  a second-order  controller  of  the 
form: 


(S)  . -(1.564  ♦ 4.59s)  Mp  [5] 

r 1.0  + 2.6314s  ♦ 4.5032s2 

which  has  an  undamped  natural  frequency  of  0.075  Hz,  a damping  coefficient  t * 1.24,  and  a time  delay  of 
0.626  sec.  The  proportional-plus-derivative  Input  term  (numerator)  in  Equation  5 was  suggested  by  the  work  of 
Katona  (44)  who  demonstrated  that  the  afferent  baroreceptor  firing  rate  could  be  modeled  with  both  mean  pres- 
sure (proportional  term)  and  pulse  pressure  (derivative  term)  as  input  variables.  Allison  (6)  reported  a 
0. 4-1.0  sec  time  delay  between  step  changes  in  pressure  in  the  Isolated  aortic  arch  (i.e.,  arch  baroreceptors) 
and  reflex  changes  in  heart  rate.  Similarly,  Scher  and  Young  (14)  saw  a 0.6-1. 2 sec  lag  between  step  changes 
in  carotid  sinus  pressure  and  heart  rate  response.  Consequently,  the  0.626  sec  time  lag  term  in  Equation  5 
would  seem  justified.  Enhancement  of  the  low  frequency  fit  of  Equation  5 to  the  relative  HR  amplitude  (Figure 
16)  could  probably  be  achieved  by  the  addition  of  a second  order  term  on  the  input  side  of  the  derived  trans- 
fer function. 

As  noted  in  the  presentation  of  results,  the  response  of  SF  amplitude  (Figure  12)  appears  to  be  largely 
frequency- invariant  from  0.008-3.23  Hz.  This,  along  with  the  fact  that  there  was  no  significant  difference 
between  nonblocked  and  blocked  SF  phase  Indicate  that  the  overall  SF  response  to  whole  body  acceleration  is 
not  effected  neurally,  but  is  rather  the  result  of  passive,  nonneural  factors.  Comparing  Figures  8 and  12, 
and  noting  that  oscillations  in  DRVP  and  SF  are  in  phase  (0°  phase  difference)  at  the  lower  frequencies,  one 
may  conclude  that  the  SF  response  is  probably  determined  primarily  by  changes  in  venous  pressure  or  venous 
return.  The  progressive  lagging  response  of  SF  phase  at  higher  frequencies  can  be  explained  (and  modeled)  as 
a right-to-left  heart  time  lag  phenomenon.  The  nonblocked  and  blocked  SF  phase  data  from  Figure  12  were  re- 
plotted on  a linear  frequency  scale,  Figure  17,  and  fitted  with  a least  squares  regression  line.  The  results 
show  that  the  response  of  SF  phase  can  be  modeled  by  sample  time  delay  of  about  2.0  sec,  which  is  in  good 
agreement  with  the  right-to-left  heart  lag  of  at  least  three  cardiac  cycles  report’d  by  Franklin  et  al.  (31) 
for  the  response  to  a rapid  right  atrial  infusion  of  saline.  Consequently,  a passive  noncontrol  led  model  of 
the  cardiovascular  system  should  Include  a cardiopulmonary  component  which  yields  a passive  DRVP-to-SF  trans- 
fer relationship  of  the  form: 

BRyjj-  (s)  • Gp  exp  (-2.17/s)  [6] 

where  an  approximate  value  of  G is  0.12  (m1/b)/mmHg,  based  upon  the  blocked  DRVP  and  SF  amplitude/phase  data 
from  Figures  8 and  12.  v 

The  present  efforts  to  model  the  response  characteristics  of  the  cardiac  and  vascular  baroreflex  mecha- 
nisms have  shown  that:  1)  While  there  Is  significant  frequency-dependent  neural  control  of  the  systemic 
vascular  mechanisms  below  0.15  Hz,  this  control  can  not  be  satisfactorily  modeled  as  a second-order  response 
based  upon  aortic  pressure  as  the  Input,  2)  Neural  control  of  heart  rata  is  frequency-dependent  below  0.23  Hz, 
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and  can  be  adequately  modeled  by  a second-order,  time  lag  controller,  and  3)  Stroke  flow  response  to  whole 
body  acceleration  is  predominantly  Influenced  by  passive  venous  pressure  changes. 
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DISCUSSION 


A.  Arterial  Pressure  Regulation 

With  the  reflex  action  of  the  neural ly-medlated  barostatlc  mechanisms  pharmacologically  blocked  (Figure 
6),  the  resultant  AP  oscillations  represent  the  passive,  acceleration-induced  pressure  changes  which  the 
cardiac  and  vascular  control  mechanisms  should  act  to  minimize  In  the  nonblocked  animal.  A comparison  of  the 
amplitude  of  the  nonblocked  and  blocked  AP  oscillations.  Figure  7,  Indicates  that  the  barostatlc  control  net- 
work is  able  to  achieve  a 30-35%  attenuation  of  the  passive  AP  oscillations  for  frequencies  up  to  0,07  Hz. 

Above  0.10  Hz  no  effective  regulation  of  AP  was  seen.  These  general  features  of  the  overall  control  of  AP 
are  in  good  agreement  with  the  results  of  previous  investigators  (10,14,16)  who  have  studied  (specifically) 
carotid  sinus  control  of  arterial  pressure,  and  reported  a crl  ically-damped  (flat)  second-order  type  of 
response,  with  a corner  frequency  of  0.04  - 0,06  Hz.  Consequently,  the  results  of  these  previous  studies  Indi- 
cate that  the  carotid  sinus  refle-.  Is  unable  to  generate  significant  compensatory  arterial  pressure  responses 
for  Input  frequencies  abo-e  around  0.1  Hz,  Dynamic  carotid  slnus-to-systemlc  arterial  pressure  "open  loop" 
gains  of  2.0  - 6.0  were  reported  by  Scher  and  Young  (14)  In  dogs,  while  Grodlns  (7)  reported  a similar  value  of 
about  1.8,  These  gain  values  (i;)  would  suggesr  that  during  norma)  "closed  loop"  operation,  the  carotid  sinus 
reflex  should  be  able  to  achieve  a 64-86%  attenuation  of  the  "open  loop"  pressure  disturbance  [attenuation  * 
cj/(1+o)J.  There  Is  a significant  difference  between  these  predicted  values  and  the  30-35%  attenuation  (i ; - 
0,43  to  0,54)  seen  In  the  present  study.  Based  up:n  evidence  from  the  present  study,  this  discrepancy  can 
be  explained  by  th<  response  of  acceleration- Induced  cardiac  output  fluctuations  and  the  Interaction  between 
cardiar  and  vascular  control  mechanisms  (which  were  not  factors  In  these  previous  studies).  This  point  will 
be  addressed  later  In  some  detail. 

The  present  results  demonstrate  a significant  frequency-dependence  of  the  passive  acceleration-induced 
arterial  pres  ure  disturbance  (Figure  13)  which  can  be  represented  by  a highly  damped  (t  * 2.76)  single-zero 
double-pole  transfer  function  (Equation  2)  with  an  undamped  natural  frequency  of  0.041  Hz,  While  similar 
data  Is  not  available  for  man  in  a "nonreflexive"  state,  Gillingham  et  al,  (25)  derived  a single-zero  double- 
pole acceleration  to  eye-level  arterial  blood  pressure  transfer  relationship  for  awake  humans  exposed  to 
simulated  aerial  combat  maneuvers.  Their  transfer  function  was  of  the  form: 

(s)  . -16.2  — 

1.0  a 6,745  + 7.11s2 


[7] 
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Indicating  a highly  damped  (t  > 2.53)  response  with  an  undamped  natural  frequency  of  0.06  Hz.  With  a 
suitable  adjustment  of  the  leading  gain  term  in  order  to  match  the  low  frequency  asymptotes.  Equation  7 
is  plotted  iii  Figure  13  for  comparison  with  Equation  2.  This  comparison  is  made  simply  to  illustrate  the 
potential  importance  of  frequencies  below  1.0  Hz  in  acceleration-induced  cardiovascular  changes  in  human 
as  well  as  animal  subjects,  ratner  than  to  imply  a functional  or  physiological  basis  for  comparing  responses 
in  normal  awake  humans  to  those  in  autonomical ly-blockaded  canines. 

B.  Systemic  Vascular  Control 

Since  past  studies  of  the  dynamic  behavior  of  the  carotid  sinus/arteria’  pressure  response  (preceding 
discussion)  involved  the  use  of  vagotomized  animals,  it  was  implied  (although  not  reported)  that  cardiac  out- 
put was  relatively  constant  and  did  not  influence  measured  arterial  pressure  changes.  The  "open  loop"  reflex 
responses  were,  therefore,  attributea  to  systemic  vascular  activity  and  should  constitute  a basis  for  com- 
parison with  the  present  ER  results  (Figures  9 and  14).  A comparison  of  nonblocked  and  blocked  ER  amplitude 
in  Figure  illustrates  that  there  is  a significant  neural ly-mediated  systemic  vascular  component  in  the 
dynamic  baroreflex  -esponse  for  frequencies  up  to  approximately  0.10  Hz.  Using  nonblocked  AP  as  the  input 
variable,  a relative  ER  response  was  computed,  as  shown  In  Figure  14.  For  all  except  the  lowest  input  fre- 
quencies (about  0.01  Hz),  the  relative  ER  amplitude  response  could  be  accounted  for  with  a critically-damped 
(C  * 1.22)  second-order  model.  Equation  3,  with  an  undamped  natural  frequency  of  0.055  Hz.  While  this  trans- 
fer relationship  is  in  good  agreement  with  the  results  of  previous  studies  of  the  open-loop  carotid  sinus/ 
arterial  pressure  response,  it  predicts  relative  phase  angles  that  are  significantly  lower  than  those  measured 
experimentally  in  the  present  study.  A number  of  factors  couid  explain  this  discrepancy:  1)  Reflex  control  of 
the  overall  systemic  vascular  response  must  be  represented  by  a higher-order  controller  such  as  the  propor- 
tional-plus-derivative sensitive,  third-order  model  developed  by  Scher  et  al.  (16)  for  composite  data  con- 
cerning the  carotid  sinus  reflex  system,  2)  Aortic  arch  pressure  alone  is  not  a good  index  of  the  input  to 
both  the  arch  and  carotid  sinus  baroreceptors,  implying  that  carotid  sinus  pressure  should  have  been  measured 
separately  in  the  present  study,  or  3)  Other  sensory  inputs  such  as  those  from  vestibular  sensors  or  cardio- 
pulmonary mechanoreceptors  (Ref.  Equation  0and  Figure  15)  play  a significant  role  in  the  response  of  vascu- 
lar mechanisms  to  whole  body  acceleration  stress. 

An  interesting  feature  was  noted  in  the  frequency-dependence  of  the  mean  systemic  resistance  level 
(Figures  9 and  14)  during  whole  body  acceleration.  In  both  the  nonblocked  and  blocked  tests  there  was  an 
overall  mean  system  pressor  response  at  frequencies  below  0.04  Hz,  with  an  apparent  relaxation  of  this  res- 
ponse at  higher  frequencies.  For  the  nonblocked  tests  this  trend  in  ER  mean  would  probably  be  attributed  to 
the  "baroreceptor  rectification"  phenomenon  reported  by  Scher  and  Young  (14)  and  others  (8.17.18,30).  How- 
ever, since  this  effect  was  also  seen  in  the  blockaded  tests,  several  possibilities  arise:  1)  the  phenomenon 
is  due  to  nonneural,  passive  or  autoregulatory  influences  or  2)  it  is  a "baroreceptor-rectification"  effect 
which  activates  mechanisms  that  are  not  adrenergic  or  cholinergic  in  nature. 

C.  Cardiac  Control 

While  the  responses  of  the  cardiac  mechanisms  (heart  rate  and  stroke  flow)  were  treated  individually  in 
the  presentation  of  results  and  modeling,  several  Important  points  are  illustrated  in  the  overall  cardiac  out- 
put response  (Figure  10).  Comparing  nonblocked  AP  and  AF  phase  (Figures  6 and  10),  it  can  be  seen  that  below 
0.02  Hz,  AF  is  decreasing  at  the  same  time  AP  is  decreasing  (i.e.,  they  are  roughly  in  phase),  so  that  cardiac 
output  does  not  augment  or  assist  ER  mechanisms  in  controlling  aortic  pressure  for  this  frequency  range. 

This  indicates  that  for  frequencies  below  0.02  Hz,  changes  in  systemic  resistance  are  the  major  contributing 
factor  to  the  minimization  of  acceleration-induced  pressure  changes  (Figure  6).  For  frequencies  between  0.04 
and  0.10  Hz  this  situation  is  apparently  reversed.  Comparing  Figures  6,9,  and  10  it  can  be  seen  that,  within 
this  range,  AF  and  AP  are  approximately  180°  out  of  phase  while  ER  and  AP  arc  in  phase,  indicating  that  the 
AF  response  is  acting  to  counter  changes  in  AP  while  the  ER  response  is  augmenting  AP.  Consequently,  for 
frequencies  from  0.04  to  0.10  Hz,  arterial  pressure  regulation  is  achieved  principally  by  changes  in  cardiac 
output.  Between  0.02  ,nd  0.04  Hz,  where  some  degree  of  reflexive  barostatic  regulation  is  also  seen,  both 
cardiac  output  and  vascular  resistance  changes  presumably  are  contributing  factors.  Because  previous  investi- 
gators have  not  looked  at  Integrated  baroreflex  control,  this  type  of  Interaction  between  cardiac  and  vascular 
mechanisms  has  not  been  reported  in  the  past. 

Another  feature  of  the  overall  cardiac  output  response  to  note  in  Figure  10  is  the  tendency  of  AF  mean 
to  Increase  with  frequency  above  0.05  Hz,  in  both  the  nonblocked  and  blocked  states,  as  compared  to  low  fre- 
quency levels.  This  response  could  be  caused  by  either,  or  both,  of  the  following:  1)  decreased  left  ventri- 
cular output  impedance  (decrease  in  FR  mean,  Figure  9)  or  2)  an  increase  in  the  relative  level  of  veno- 
constrletlon  (Increased  ORVP  mean.  Figure  8).  The  net  effect  of  the  response  of  ER  mean  and  AF  mean  is  a 
roughly  constant  level  of  AP  mean  '(Figure  6)  throughout  the  entire  frequency  range  from  0.008  to  0.25  Hz. 

Although  baroreceptor  control  of  heart  rate  Is  well  recognized,  only  in  the  work  of  Scher  et  al,  (15) 
has  an  attempt  been  made  to  quantify  the  dynamic  frequency  response  of  this  control,  in  terms  of  gain  and 
phase  charactei  istics,  with  arterial  pressure  as  the  Input  variable.  By  periodic  inflation  of  a cuff  occluder 
on  the  ascendinq  aortic  arch,  Scher  et  al.  generated  oscillatory  intravascular  arterial  pressure  changes 
(presumably  at  both  the  arch  and  carotid  baroreceptors)  in  unanesthetized  canines.  Oscillatory  reflex  changes 
in  heart  Interval  were  measured  and  the  following  gain  and  phase  values  reported:  0.027  sec/innHg  and  0°  at 
0.06  Hz,  0.026  sec/mmHg  and  20“  at  0.14  Hz,  and  0.017  sec/nwHg  and  40°  at  0.25  Hz.  Noting  that  heart  rate 
rather  than  heart  Interval  was  measured  in  the  present  study,  and  allowing  for  an  approximate  180  phase 
shift  In  the  conversion  from  one  to  other,  it  can  be  seen  that  the  data  of  Scher  et  al.  *s  qualitatively  simi- 
lar to  the  present  results  (Figure  16),  i.e.  there  is  a progressive  decrease  of  gain  and  Increase  in  phase 
lag  from  0.06  to  0.25  Hz.  For  the  range  of  frequencies  examined  in  the  present  study  (0.008-0.25  Hz),  the 
relative  HR  response  to  AP  as  the  input  variable  (Equation  6)  could  be  accounted  for  with  a proportional- 
plus-derivative  sensitive,  critically-damped  second-order  controller  with  time  leg.  This  model  yielded  a good 
fit  to  both  the  amplitude  and  phase  data,  with  some  inaccuracy  of  the  predicted  amplitude  below  0.02  Hz.  The 
modeled  Input/output  time  lag  of  0.626  sec,  is  well  within  the  0.4-1, 2 sec  delay  range  reported  previously 
(6,14)  for  heart  rate  response  to  step  changes  in  carotid  sinus  pressure. 
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Results  of  the  present  study  also  Indicate  that  during  whole  body  acceleration  loadings,  changes  In 
stroke  flow  are  Influenced  primarily  by  changes  In  heart  rate  (HR)  and  right  heart  filling  pressure  (DRVP), 
Comparing  ORVP  response  In  Figure  8 and  blocked  SF  response  In  Figure  12,  It  can  be  seen  that  while  DRVP 
amplitude  and  phase,  and  SF  amplitude  are  roughly  constant  throughout  the  frequency  range  from  0,008  to  0,25 
Hi,  SF  phase  exhibits  a progressive  phase  lag  at  higher  frequencies.  This  was  modeled  as  a simple  propor- 
tlonal-galn  plus  time-lag  response.  In  Equation  6.  The  derived  time  lag  of  2,18  sec  Is  In  good  agreement 
with  the  right-to-left  heart  lag  of  at  least  three  cardiac  cycles  reported  by  Franklin  et  al,  (31)  for  a 
rapid  right  atrial  Injection  of  saline.  Assuming  that  there  Is  a comparable  quantitative  relationship  between 
DRVP  changes  and  SF,  and  changes  In  left  heart  filling  pressure  and  stroke  volume.  It  can  be  noted  that  the 
derived  gain  of  roughly  0.12  (m1/b)/mmHg  from  Equation  6 Is  In  the  low  range  of  values  0,12-0,36  (ml/b)/mmHg 
reported  by  Scher  et  al.  (45)  for  stroke  volume  changes  caused  by  changes  in  left  ventricular  filling  pres- 
sure. Looking  next  at  the  nonblocked  SF  response  (Figure  12),  it  can  be  seen  that  the  nonblocked  SF  ampli- 
tudes are  considerably  larger  than  for  the  blocked  case,  while  there  is  little  difference  In  the  phase  angle 
responses.  A comparison  of  nonblocked  SF  phase  with  nonblocked  HR  phase  (Figure  11)  Indicates  an  approximate 
180°  phase  difference  for  most  of  the  frequency  range  from  0,008  to  0.25  Hz.  Considering  this  phase  differ- 
ence, and  noting  the  reciprocal  relationship  between  changes  in  heart  rate  and  stroke  volume,  the  difference 
between  nonblocked  and  blocked  SF  amplitude  can  be  attributed  to  the  Influence  of  HR  oscillations  In  the 
nonblocked  state. 

CONCLUSIONS 

A number  of  general  conclusions  may  be  drawn  from  the  results  of  the  present  study: 

1.  Sinusoidal  whole  body  spinal-axis  acceleration  is  a suitable  nonlnvasive  stimulus  for  the  study, 
evaluation  and  quantification  of  dynamic  integrated  barostatlc  cardiovascular  regulation,  using 
classical  Systems  Analysis  techniques.  This  Is  primarily  because  oscillatory  intravascular  pressure 
disturbances,  produced  by  sinusoidal  whole  body  acceleration,  elicit  significant  oscillatory 
responses  from  the  major  cardiac  and  vascular  barostatlc  control  mechanisms,  thus  enabling  the  use 
of  "describing  function"  analysis  to  quantitatively  represent  the  frequency  response  characteristics 
of  these  mechanisms. 

2.  The  dynamic  (oscillatory)  frequency  response  of  the  major  neural ly-med la ted  baroreflex  mechanisms 
Is  limited  primarily  to  the  frequency  range  below  0.25  Hz. 

3.  During  whole  body  acceleration  a significant  degree  of  effective  dynamic  barostatlc  regulation  is 
achieved  only  at  frequencies  below  0.1  Hz. 

4.  The  ability  of  the  "closed  loop".  Integrated  baroreflex  system  to  minimize  or  counteract  accelera- 
tion-induced arterial  blood  pressure  changes  Is  less  than  would  be  predicted  from  previous  studies 
of  the  "open  loop"  baroreceptor/arterlal  pressure  response. 

5.  Effective  barostatlc  regulation  below  0.02  Hz  Is  achieved  principally  through  reflex  action  of 
systemic  vascular  mechanisms,  through  combined  action  of  cardiac  and  vascular  mechanisms  from 

0.02  to  0.04  Hz,  and  principally  via  the  cardiac  mechanisms  from  0.04  to  0.10  Hz. 

6.  The  frequency  response  characteristics  of  the  systemic  vascular  mechanisms  cannot  be  accounted  for 
with  a simple  first  or  second-order  control  model,  with  aortic  arch  pressure  as  the  Input. 

7.  The  low  frequency  dynamics  of  heart  rate  control  can  be  satisfactorily  modeled  as  a proportional- 
plus-derivative  sensitive,  critically-damped  second  order  time  lag  response,  using  aortic  arch 
pressure  as  the  Input  variable. 

8.  Stroke  flow  Is  passively  controlled,  primarily  through  changes  In  right  heart  filling  pressure 
(venous  return)  and  heart  rate,  rather  than  by  direct  neural  factors  or  changes  In  arterial  output 
Impedance  (aortic  pressure). 
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DISCUSSION 


DR.  H,  VON  QIERKE  (USA) 

What  are  the  next  steps  you  plan  in  your  research? 

AUTHOR'S  REPLY 

We  try  to  put  relevance  to  some  of  the  terms  wc  come  up  with  in  these  transfer 
forms.  We  are,  for  example,  trying  to  add  instrumentation  to  our  chronically 
instrumented  animal  preparation  such  that  we  can  measure,  say  the  difference 
between  the  carotid  sinus  pressure  and  the  aortic  heart  pressure  in  order  to  look 
at  those  twcf  sensors  in  the  cardiovascular  system  and  to  further  add  terms  In 
these  transfer  forms. 

DR.  H.  VON  QIERKE  (USA) 

How  about  applying  it  to  the  human?  Or  do  you  leave  this  to  the  next  speaker? 
AUTHOR'S  REPLY 

Well,  yes  and  no.  We  would  be  very  Interested  in  obtaining  any  data  from  human 
experiments,  especially  heart  rate  response.  Then,  we  could  compare  these  data  to 
the  animal  data  and  the  whole  idea  of  using  a chronically  instrumented  animal 
could  be  validated We  could  go  from  the  heart  rate  information  to  some  of  the 
mechanisms  that  might  be  responsible  for  these  responses.  So  we  sure  would  like 
to  be  able  to  fly  subjects  through  all  kinds  of  maneuvers  and  get  heart  rate 
responses.  But  that's  not  necessary,  we  could  use  regular  air  combat  type  maneuv- 
ers as  well. 

DR.  K.  GILLINGHAM  (USA) 

I am  very  gratified  tc  see  the  material  that  you  have  presented.  I am  also 
going  to  take  you  up  on  your  offer  to  take  bushel  baskets  full  of  heart  rate  data 
that  we  have  collected  over  the  past  several  years  on  human  subjects  on  the 
centrifuge.  I hope  you  come  over  with  a large  luggage  allowance  and  take  some  of 
the  material  from  us. 

AUTHOR'S  REPLY 

Thank  you  Dr.  Gillingham.  I guess  I can  thank  Dr.  von  Gierke  for  getting  me  into 
some  more  trouble. 
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MATHEMATICAL  MODELING  OF  ARTERIAL  OXYGEN  SATURATION  AND  EYE-LEVEL  BLOOD  PRESSURE  DURING  +GZ  STRESS 

Kent.  k.  Gillingham,  M.D.,  Ph.D.,  and  Richard  C.  McNee 
Biodynamics  Branch,  Crew  Technology  Division,  and  Advanced  Analysis  Branch,  Biometrics  Division 
USAF  School  of  Aerospace  Medicine,  Brooks  AFB,  TX  78235 
USA 


Summary 

Mathematical  descriptions  of  the  dynamics  of  human  arterial  oxygen  saturation  (Sa02)  and  eye-level 
arterial  blood  pressure  (ELBP)  under  conditions  of  varying  +GZ  stress  were  obtained  by  Fourier  analysis. 
Simulated  aerial  combat  maneuvering  ( SACM ) G-stress  profiles  and  the  resulting  physiologic  responses  to 
the  G stress  provided  input-output  data  from  which  transfer  functions  were  derived.  Ensemble  averaging 
of  single-run  transfer  functions  generated  enhanced  espirical  C-to-Sa02  and  G-to-ELBP  transfer  functions, 
which  were  approximated  by  various  synthetic  functions.  Examination  of  predictive  abilities  of  the 
empirical  and  synthetic  transfer  functions  was  accomplished  uy  comparison  of  predicted  and  mean  actual 
responses  to  SACM  and  non-SACM  G-stress  profiles. 
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Introduction 

Physiologists  are  inclined  to  describe  physiologic  responses  to  stress  by  means  of  tables  and 
graphs,  whereas  concise  mathematical  expressions  are  traditionally  employed  by  engineers.  This  is 
because  physiologists  and  engineers  are  educated  in  separate  disciplines  and  function  largely  independ- 
ently of  one  another,  and  the  language  barrier  resulting  from  the  lack  of  interaction  prevents  full 
appreciation  by  the  one  for  the  utility  and  limitations  of  the  other's  methods.  To  the  engineer,  the  use 
of  Fourier  analysis  to  find  a mathematical  relation  between  a perturbation  and  the  resulting  response  of 
a physiologic  system  seems  a straightforward  approach,  compromised  mainly  by  the  notorious  nonlinearities 
and  nonstationarities  of  such  systems.  To  the  physiologist,  however,  the  tried-but-true  approach  of 
tediously  cataloguing  each  type  of  response  to  a variety  of  perturbations  satisfies  convention,  and 
avoids  the  rigors  of  complex  mathematical  manipulation.  The  relative  merit  of  the  former  approach 
becomes  apparent  when  the  obtained  description  of  the  behavior  of  the  physiologic  system  must  be  used; 
i.e.,  when  predictions  of  its  responses  to  an  infinitely  variable  set  of  perturbations  must  be  made,  and 
when  the  function  of  the  system  must  be  communicated  efficiently  and  in  a fom  compatible  with  other 
components  of  a larger  model. 

Our  renewed  Interest  in  describing  the  physiologic  response  to  G stress  has  come  about  as  a result 
of  the  almost  Incredible  maneuverability  of  the  latest  generation  of  fighter  aircraft,  which  can  readily 
challenge  a pilot's  ability  to  maintain  vision  and  consciousness  during  aerial  combat.  A sound,  quan- 
titative understanding  of  the  physiologic  mechanisms  of  G stress  and  G tolerance  is  certainly  a de- 
sirable foundation  upon  which  to  develop  G-protective  strategies.  The  post  hoc  analysis  of  the  arterial 
oxygen-saturation  ( Sa 02 ) response  to  G stress  in  anti-G  suited,  straining  subjects  riding  the  U5AFSAM 
Human  Centrifuge  was  our  initial  attempt  to  apply  Fourier  analysis  to  G-stress  data  (3).  The  moderate 
success  of  this  venture  encouraged  the  undertaking  of  another  study,  specifically  designed  for  Fourier 
analytic  techniques,  in  which  a description  of  the  eye-level  arterial  blood-pressure  (ELBP)  response  to 
G stress  in  relaxed  humans  was  sought  (4).  The  procedures  employed  and  the  results  obtained  in  these 
two  studies  will  be  recounted  briefly. 

G-to-SaOg  Transfer  Function 

Inspection  of  a typical  time-domain  display  of  the  G-stress  forcing  function  and  ear-oximeter  Sa02 
response  in  the  data  collected  by  Burton,  et  al  (1)  (Fig.  1)  suggested  that  sufficient  spectral  richness 
might  be  present  in  the  simulated  aerial  combat  maneuvering  (SACM)  G-stress  profile  to  obtain  a useful 
transfer  function.  To  test  this  idea,  the  Fourier  transform  of  the  output  Sa02  response  was  divided  by 
the  Fourier  transform  of  the  input  G stress  to  obtain  the  G-to-Sa02  transfer  function,  H(f),  which  was 
inspected  for  signs  of  mathematical  shapeliness  underlying  the  random-noise  irregularities.  Observing 
what  appeared  to  be  a kernel  of  true  form  in  the  transfer  function,  we  multiplied  ft  by  the  Fourier 
transform  of  a different  input  G stress  for  which  we  had  response  data,  and  compared  the  inverse  trans- 
form of  the  product— predicted  Sa02  response— with  the  actual  Sa02  response.  Mg.  2 shows  how  the 
predicted  response  to  a 60-sec,  6-G  pulse  was  similar  to,  and  at  least  as  well  behaved  as,  the  actual 
Sa02  response.  We  then  obtained  a G-to-Sa02  transfer  function  with  an  Improved  signal -to-noise  ratio  by 
ensemble  averaging  the  12  Individual  transfer  functions  from  the  runs  of  four  different  subjects  riding 
the  same  SACM  G profile  at  three  different  seatbaek  angles  (23°,  28°  and  40°)  (Fig.  3 and  Table  I).  By 
multiplying  this  average  transfer  function,  ff(f),  by  the  transform  of  the  60-sec,  6-G  pulse,  and  inverse 
transforming  the  product  into  the  time  domain,  the  predicted  mean  response  to  the  G pulse  was  generated. 
The  predicted  mean  response  and  the  actual  mean  response  again  showed  encouraging  similarities  (Fig, 

4.).  The  early  rise  in  saturation,  the  subsequent  gradual  fall,  the  bottoming  out  of  the  response,  a 
short-lived  dip  in  saturation  at  the  offset  of  acceleration,  and  che  less-than-instantaneous  return  to 
normal  saturation  were  evident  in  both  the  predicted  and  actual  responses,  although  the  correlation 
during  the  recovery  phase  was  admittedly  Imperfect. 


■ u »21^tarL1nfonned  consent  °f  the  subjects  used  in  this  research  was  obtained  In  accordance 

wuh  AFR  80-33,  The  research  reported  in  this  paper  was  conducted  by  personnel  of  the  Crew  Technology 
and  Biometrics  Divisions,  USAF  School  of  Aerospace  Medicine,  Aerospace  Medical  Division,  AFSC,  United 
States  Air  Force,  Brooks  AFB,  TX. 
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Fig,  1.  Typical  SaOj  response  (above)  to  SACM 
G stress  (below).  Data  are  from  subject  CK  in 
23°  seat. 
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fig.  2.  Predicted  (above)  and  actual  (i.iddle) 
Sa02  responses  to  sustained  6-G  pulse  (below) 
for  subject  CK  in  23°  seat. 
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Fig.  3.  Ensemble-averaged,  4-subject,  12-run  P'S-  4.  Predicted  mean  SaO?  response  (above) 

transfer  function  for  SaO?  response  to  G stress.  and  actual  mean  response  (middle)  to  6-G 

pulse  (below)  of  4 subjects  run  at  3 differ- 
ent seatback  angles. 


The  next  task  was  to  determine  the  mathematical  form  of  the  average  transfer  function.  Not  having 
ready  access  at  that  time  to  a method  for  determining  unknown  frequency-domain  parameters  of  a transfer 
function,  we  elected  to  shape  an  impulse  response  (the  inverse  Fourier  transform  of  a transfer  function) 
by  trial -and-error  manipulation  until  its  frequency-domain  equivalent  seemed  to  match  theaverage  trans- 
fer function  derived  empirically.  The  average  impulse  response,  h(t)  [the  transform  of  H(f)],  provided 
a starting  point  for  the  process  of  synthesizing  the  desired  impulse  response.  By  successively  trun- 
cating H(f)  to  eliminate  high-frequency  noise  from  fT(t),  we  were  able  to  discern  an  early  positive  wave 
peaking  at  about  2 sec,  followed  by  a negative- going,  oscillating,  negative-exponential  recovery  wave 
with  a time  constant  of  approximately  half  a minute.  The  synthetic  impulse  response  finally  derived, 
and  its  frequency -domain  equivalent,  are  shown  in  Fig.  5.  Mathematical ly,  the  synthetic  impulse  re- 
sponse 's  described  thus: 

SaOz  =0,  t < 1.17 

= 100,  1.17  < t < 1.95 

= 0,  1.95  < t < 4.69 

* -19.5  exp[-(t-4.69)/37. 5],  t > 4.69 

where  SaO?  is  arterial  oxygen  saturation  in  *,  and  t is  time  in  seconds.  The  reasonable  performance  of 
the  transfer  function  obtained  by  trial-and-error  impulse- response  shaping  can  be  seen  in  Figs.  6 and  7. 
In  Fig.  6,  the  actual  mean  Sa02  response  to  the  SACM  G stress  is  compared  with  the  response  predicted  by 
the  synthetic  transfer  funct’lon.  In  Fig.  7,  the  predicted  response  to  the  6-G  pulse  based  on  the  em- 
pirically determined  average  transfer  function  is  compared  with  the  predicted  response  based  on  the 
synthetic  transfer  function. 

It  was  not  surprising  that  the  synthetic  impulse  response  took  the  form  that  it  did.  The  negative- 
exponential  recovery  portion  of  the  Impulse  response  of  the  G-to-SaOj  system  indicates  that  the  dynamics 
of  lung  tissue  under  G stress  are  those  of  a first-order  system,  wherein  the  rate  of  restoration  of  the 
anatomic  relations  in  the  lung— and,  therefore,  the  rate  of  restoration  of  Sa02— Is  proportional  to  the 
remaining  amount  of  G-Induced  distortion.  The  negative  direction  of  the  SaOz  displacement  during  the 
negative-exponential  recovery  signifies  that,  in  general,  an  Increase  In  accelerator  stress  results  in 
a decrease  in  oxygen  saturation.  The  4.69-sec  delay  before  the  onset  of  *he  desaturation  in  the  syn- 
thetic impulse  response  represents  the  circulation  time  between  the  lungs  and  the  ear  oximeter  during  6 
stress.  The  early  positive  spike  in  the  Impulse  response  describes  the  anticipatory  rise  in  saturation 
that  most  subjects  exhibited  at  the  time  the  G-stress  began  to  change  to  a higher  level.  This  effect 
probably  resulted  from  hyperventilation  and/or  hyperarterialization  of  the  ear  occurring  in  conjunction 
with  the  straining  maneuver  begun  several  seconds  in  advance  of  the  increase  in  G load.  The  peak  of  the 
spike  at  1.56  see  in  the  Impulse  response  suggests  that  the  straining  actually  began  about  3 sec  in 
advance  of  the  Increase  In  G stress,  since  a 4.69-sec  delay  in  the  overall  response  was  evident  as 
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Fig.  5.  Synthetic  Impel se  response  (above)  and 
associated  trans''r  function  (below)  used  to 
predict  SdO?  In  K.gs  b and  7. 
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Hq.  6.  Actual  mean  response  (above)  and  mean 
response  predicted  by  synthetic  transfer  func- 
tion (middle)  to  SACM  G stress. 
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Fig.  7.  *\?dicted  response  to  6-G  pulse  based 
on  4-su’>ji_t,  12-run,  average  transfer  func- 
tion (ain  e)  and  predicted  response  based 
on  synthet'u  transfer  function  (middle). 


Further  manipulation  of  the  synthetic  impulse  response  would  have  further  improved  the  quality  of 
the  predictions;  but  the  goal  of  obtaining  reasonable  predictive  performance  from  simple  mathematical 
expressions,  based  on  the  data  available,  was  accomplished  to  our  satisfaction.*  The  successful  use  of 
Fourier  analysis  in  obtaining  a mathematical  description  of  a dynamic  physiologic  function  was  demon- 
strated by  the  development  of  the  G to-SaOj  transfer  function.  This  method  was,  therefore,  employed 
again—this  time  under  experimental  conditions  designed  specifically  for  Tourier  analys1s--in  an  attempt 
to  describe  in  simple  terms  the  dynamics  of  the  human  eye-level  arterial  blood-pressure  response  to  G 
stress. 

G-to-ELBP  Transfer  Function 

Three  healthy,  male,  24,  25  and  26  year-old  volunteer  members  of  the  USAFSAM  Acceleration  Stress 
Panel  provided  the  data  reported  herein.  The  left  radial  artery  of  each  was  cannulated  with  a 5-cm,  18- 
gauge  catheter;  saline-filled,  noncompliant  tubing  connected  the  arterial  catheter  to  a Statham  P37 
pressure  transducer  mounted  on  a headband  at  eye  level.  The  output  voltage  of  the  pressure  transducer, 
corresponding  to  instantaneous  eve- level  blood  pressure,  was  recorded  on  magnetic  tape.  Subjects  were 
exposed  in  a seated  (13°  seatbaci.  angle),  relaxed  condition--without  benefit  of  anti-G  suit  or  straining 
maneuver-  to  three  different  categories  of  +Gz  stress  on  the  centrifuge;  1)  gradual -onset  runs  (GORs), 
in  which  the  G load  increased  linearly  with  tin*  at  the  rate  of  0.067  G/sec;  ’)  rapid-onset  runs  (RORs), 
in  which  the  G load  rose  at  1.0  G/sec  to  a predetermined  level  and  remained  at  that  level  for  either  15 
sec  or  1 min;  and  3)  simulated  aerial  combat  maneuvers  (SACMs),  in  which  G loads  were  applied  in  a 
varying  manner  over  a iOO-sec  period.  The  SACM  G-stress  profiles  were  of  eight  d1fxer»nt  shapes,  each 
profile  having  been  produced  by  a random  function  generator  with  bandwidth  set  to  patch  the  capabilities 
of  the  USAFSAM  Human  Centrifuge;  some  profiles  were  augmented  or  clipped,  as  necessary,  to  challenge  the 
subjects’  visual  functioning  without  rendering  them  unconscious.  Subjects  were  instructed  to  relax 
completely  during  all  test  runs,  and  to  release  a hand-held  enabling  sw1tch--thus  terminating  the  run— 


•Once  an  efficient  comp  .iter- based  means  of  estimating  transfer  function  parameters  became  available  (6), 
several  analytic  forms  were  fitted  to  the  first  23  frequencies  of  the  12-run  average  empirical  G-to-Sa02 
transfer  function.  The  four-pa-amrter  function, 


H(s) 


-3.87 


1 ♦ 7.20s  ,-8.46s 
e 


where  s * J2:if,  seemed  to  provide  as  good  a fit  as  could  be  expected.  Examination  of  the  predictive 


A.154 


whenever  they  experienced  the  visual  endpoint,  which  consisted  of  total  ’oss  of  peripheral  vision  plus 
significant  deterioration  of  central  vision.  Each  subject  was  exposed  t»  the  following:  one  GOR  to 
visual  endpoint;  three  to  five  15-sec  RORs,  the  final  one  eliciting  the  *isual  endpoint;  at  least  one 
60-sec  R0R;  and  four  to  11  SACMs,  several  of  which  elicited  the  visual  endpoint  in  two  of  the  three 
subjects. 

To  convert  the  instantaneous  blood-pressure  signal  to  mean  blood  pressure,  and  to  prevent  spectral 
aliasing  of  the  Fourier  transformed  data,  both  input  and  output  signals  were  low-pass  filtered  (3  dB  at 
0.5  Hz).  The  paired  input  and  output  waveforms  were  sampled  256  times  during  the  200-sec  analysis 
period,  T;  the  spectra  obtained,  therefore,  had  a maximum  frequency  of  0.64  Hz  [fmav  ' (2  at)”']  and  a 
freqcmcy  resolution  of  5.0  mHz  (re  - 1/T).  As  the  transient  time-domain  signals  or  interest  began  and 
erdau  we.l  within  the  200-sec  analysis  period,  a rectangular  time  window  was  used.  The  transfer  func- 
tion between  a G-stress  input  and  blood-pressure  output  was  obtained  by  dividing  the  Fourier  transform 
o<  thf  output  by  that  of  the  input.  By  ensemble  averaging  transfer  functions  obtained  from  single 
liW  -outpy:  pairs,  a menn  transfer  function  derived  from  all  pertinent  data  in  a data  set  (e.g.,  all 
r,,i> mses  to  one  type  oi  G-stress  profile;  was  readily  obtained.  Spectral  inconsistencies  (noise)  were 
appreciably  reduced  by  .his  process.  The  mean  transfer  function  obtained  by  ensemble-averaging  the 
trcnsfer  functions  fror»  t ie  23  completed  or  aborted  SACMs  was  examined  most  thoroughly  and  with  the 
greatest  expectati-ins  (F^r,  8).  In  this  mean,  empirically  determined,  transfer  function  a resonance 
peak  was  seen  at  60  mill,  a phase  crossover  occurred  at  between  40  and  45  mHz,  and  a local  maximum  in  the 
phase  characteristic  w>  e tlceable  at  25  mHz.  In  addition,  a 4-dB/octave  decline  In  magnitude  could  be 
estimated  for  frequencies  beyond  the  resonance.  Above  200  mHz  no  useful  Information  appeared  In  the 
frequency  response  curve,  as  input  power  associated  with  the  Sf.CM  G-force  profiles  was  virtually  non- 
existent above  this  frequency.  The  first  40  terms  of  the  23-run  mean  transfer  function  are  given  In 
Table  II. 

Having  obtained  the  empirical  transfer  function  relating  eye-level  blood  pressure  to  6 stress  from 
the  ensemble  average  of  the  SACM-generated  transfer  functions,  we  looked  for  several  mathematically  well 
behaved  substitutes  ter  the  ampirical  transfer  function.  The  analytic  transfer  functions  sought  were  of 
three  forms:  1)  single-zero,  double-pole;  2)  double-zero,  double-pole;  and  3)  single-zero,  double-pole 
with  a delayor.  Parameter  estimates  were  obtained  for  each  analytic  form  by  minimizing  the  weighted  sum 
of  the  squared  error  of  the  fit  of  real  and  imaginary  terms  of  the  analytic  form  to  the  first  40  fre- 
quencies of  the  empirical  transfer  function.  The  weight  used  at  each  frequency  was  Inversely  propor- 
tional to  the  variance  of  the  data  comprising  the  empirical  function  at  that  frequency. t Harquardt's 
algorithm,  combining  the  Taylor  series  expansion  and  negative  gradient  methods,  was  used  in  the  com- 
putations (6).  The  lowest  standard  error  of  estimate,  and  thus  the  best  fit,  was  exhibited  by  the 
double-zero,  double-pole  transfer  function. 


H(s) 


-18.3 


1 + 7.18s  +4. 39s2 
1 V3.Ms  +T.VW 


where  s Is  the  conventional  complex  frequency  variable,  j2nf.  This  transfer  function  Is  graphed  in  5-mHz 
increments  in  Fig.  9. 
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Fig.  8.  Mean  G-to-ELBP  transfer  function  for 
23  SACM  G-stress  runs  on  3 subjects.  Each  run 
was  given  equal  weight  In  the  averaging. 


Fig.  9.  Double-zero,  double-pole  transfer  func- 
tion fitted  to  empirical  transfer  function  In 
Fig.  8. 


t After  reconsidering  our  assurptlons  of  stochastic  Independence  of  the  real  and  imaginary  terms  of 
empirical  transfer-function  data  points,  we  decided  that  parameter  estimates  based  on  equal  weights, 
rather  than  on  weights  Inversely  proportional  to  the  variance  of  the  data,  would  actually  be  more  ap- 
propriate. When  equal  weights  were  used  in  fitting  the  analytic  forms  to  the  empirical  G-to-ELBP  data, 
the  best  fitting  double-zero,  double-pole  transfer  function  was 


H(s) 


-19.0 


1 + 6.89s  ♦ 4.84s2 


The  predictive  performance  of  this  transfer  function  should  be  similar  to  that  of  the  other  double-zero 
double-pole  function  reported  above,  as  the  corresponding  parameters  are  quite  similar. 


AI5-5 


Predictions  of  eye-level  blood-pressure  responses  to  GOR,  ROR,  and  SACH  G stress,  based  on  the 
empirical  and  various  analytic  transfer  functions,  were  compared  with  the  mean  actual  responses  to  the 
same  5-stress  Inputs  (Figs.  10  13).  Such  comparisons  gave  visual  evidence  of  the  relative  merits  of  each 
of  the  transfer  functions  being  studied.  A particularly  rigorous  test  of  the  predictive  abilities  of 
the  various  transfer  functions  was  the  60-sec  ROR  G profile  (Fig.  12) , since  subtle  differences  In  the 
responses  were  accentuated  by  the  long,  straight  lines  of  the  forcing  function.  The  mean  actual  response 
to  ROR  G stress  showed  a number  of  characteristics  coinciding  with  expectations  based  on  prior  experience: 
1)  an  anticipatory  rise  In  blood  pressure  prior  to  onset  of  G stress;  2)  a rapid  fall  In  pressure  at 
onset  of  C stress;  3)  a partial  recovery  of  pressure  several  seconds  after  the  G load  had  stabilized;  4) 
a secondary  gradual  decline  In  pressure  following  the  peak  of  the  partial  recovery;  5)  a rapid  rise  In 
pressure  at  the  offset  of  G stress;  6)  an  overshoot  In  pressure  coincident  with  termination  of  the  G 
load;  and  7)  a small  undershoot  Immediately  following  the  terminal  overshoot.  Whereas  the  empirical  and 
analytic  transfer  functions  all  predicted  the  pressure  drop  at  onset,  pressure  rise  at  offset,  partial 
recovery  at  stabilization,  and  overshoot  at  termination  of  G stress,  they  met  with  varying  degrees  of 
success  In  predicting  other  components  of  the  waveform.  Not  one  recreated  the  anticipatory  rise  In  eye- 
level  blood  pressure.  Only  the  empirical  transfer  function  predicted  the  gradual  decline  In  pressure 
during  the  constant  G stress,  and  only  the  empirical  provided  a noticeable  undershoot  following  the 
terminal  overshoot. 
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Fig.  10.  Predicted  and  mean  actual  ELBP  re- 
sponses to  GOR  G stress.  In  this  and  Figs  11-13, 
top  trace  Is  prediction  based  on  single-zero, 
double-pole  transfer  function;  second,  single- 
zero, double-pole,  exponential;  third,  double- 
zero, double-pole;  fourth,  23-run  mean  empir- 
ical. Fifth  trace  Is  mean  actual  response 
of  3 subjects  to  G stress  Indicated  In 
bottom  trace. 
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Fig.  12.  Predicted  and  mean  actual  ELBP 
responses  to  60-sec  ROR  G stress. 


Fig.  11.  Predicted  and  mean  actual  ELBP 
responses  to  aborted  ROR  G stress. 
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Fig.  13.  Predicted  and  mean  actual  re- 
sponses to  18  SACH  G stress.  To  avoid  con- 
taminating prediction  with  actual  response 
data,  data  from  each  subject's  #8  SACH  run 
were  subtracted  from  empirical  transfer 
function  prior  to  making  prediction. 
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The  Inverse  Fourier  transform  of  the  complete  empirical  transfer  function  was  too  corrupted  by  high- 
frequency  noise  for  a meaningful  Impulse  response  to  be  recognized,  and  Inverse  transforms  of  truncated 
versions  of  the  empirical  transfer  function  were  somewhat  distorted  by  Gibbs'  phenomenon.  The  inverse 
transforms  of  the  analytic  transfer  functions,  however,  appeared  as  reasonable  Impulse  responses.  Fig. 

14  is  the  impulse  response  corresponding  tu  the  double-zero,  double-pole  transfer  function.  The  initial 
negative-going  blood-pressure  response  is  readily  apparent,  as  is  the  zero-line  crossing  at  4 sec  and  the 
subsequent  rebound  peak  at  7 sec.  One  may  infer  from  the  characteristics  of  the  impulse  response  that 
the  £LBP  requires  on  the  order  of  five  seconds  to  recover  from  +GZ  stress  of  rapid  onset;  this  is,  in 
fact,  the  actual  behavior  of  the  system. 
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Fig.  14.  Inverse  Fourier  transform  (im- 
pulse response)  of  double-zero,  double-pole 
transfer  function. 


Despite  the  aforementioned  limitations  of  using  linear  systems  analysis  techniques  on  a physiologic 
system,  the  blood-pressure  control  system  was  tractable  to  Fourier  analysis:  well  behaved  frequency- 
response  functions  could  be  recognized  and  substantial  predictive  ability  of  derived  transfer  functions 
could  be  demonstrated.  With  regard  to  selection  of  the  most  appropriate  transfer  function,  the  first  40 
terms  ot  the  empirical  transfer  function  would  be  the  logical  choice  if  one  requires  greatest  predictive 
accuracy  and  closest  ties  to  experimental  data.  If  concise  mathematical  expression  is  of  greater 
importance,  the  double-zero,  double-pole  transfer  function  should  be  sufficient.  A discussion  of  the 
contributions  of  the  various  components  of  the  blood-pressure  control  system  to  the  form  of  the  G-to- 
ELBP  transfer  function  is  presented  elsewhere  (4);  but  the  experimental  evidence  cited  suggests  that  the 
combined  transfer  function,  Incorporating  the  elastic  and  inertial  elements,  the  vestibulocerebellar 
pathway,  and  the  baroceptor  feedback  loop,  contains  at  least  one  zero  and  two  or  more  poles  at  frequen- 
cies below  1.0  Hz.  Of  particular  significance  is  the  evidence  of  Knapp,  et  al.  (5),  who  obtained  G-to- 
blood-pressure  transfer  characteristics  for  dogs  exposed  to  *2  Gz  sinusoidal  stress  at  frequencies  below 
1.5  Hz,  and  essentially  corroborated  our  findings  in  humans. 

Conclusion 

Data  relatinq  SaO?  response  to  G stress  In  anti  G-sulted,  straining  subjects,  and  data  relating 
ELBP  response  to  G stress  in  unprotected,  relaxed  subjects,  have  been  presented  In  mathematical  form  as 
transfer  functions  developed  by  means  of  Fourier  analysis.  The  primary  purpose  for  obtaining  these 
mathematical  descriptions  was  to  aid  in  the  development  of  a model  of  an  aircrewmember's  physiologic 
processes  during  hlgh-G  aerial  combat  maneuvering,  in  the  hope  that  inferences  could  be  made  about  his 
safety  and  performance  In  the  high-G  environment.  Further  development  of  such  a model  is  currently 
being  undertaken  by  Collins,  et  al.  (2). 
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TABLE  I.  EMPIRICAL  G-T0-Sa02  TRANSFER  FUNCTION-- 
MEAN  OF  12  SACM  RUNS  ON  4 SUBJECTS 


Frequency  Magnitude  Phase 


(mHz) 

U/G) 

(degrees ) 

5 

1.65 

118.95 

10 

2.60 

92.13 

15 

0.56 

150.72 

20 

0.47 

98.50 

25 

0.76 

30.32 

30 

0.37 

-95.63 

35 

C.  57 

27  96 

40 

0.88 

15.83 

45 

0.73 

0.99 

50 

1.01 

-18.28 

55 

1.08 

-31 .09 

60 

1.50 

-19.97 

65 

1.46 

-47.25 

70 

0.81 

-64.25 

75 

0.89 

-49.67 

80 

0.73 

-84.05 

85 

0.89 

-107.84 

90 

1.79 

-133.80 

95 

0.96 

-41.67 

100 

0.67 

-99.74 

105 

0.84 

-128.21 

110 

0.42 

-97.78 

115 

0.56 

-23.30 

120 

3.34 

37.59 

TABLE  II.  EMPIRICAL  G-TO-BLOOD-PRESSURE  TRANSFER 
FUNCTION-MEAN  OF  23  SACM  RUNS  ON  3 SUBJECTS 


Frequency 

(mHz) 

Magnitude 
(«■  Hg/G) 

Phase 

(degrees) 

5 

18.2 

178.7 

10 

18.2 

-169.3 

15 

20.3 

-168.6 

20 

25.1 

-163.0 

25 

29.4 

-161.1 

30 

25.8 

-174.2 

35 

33.6 

-174.9 

40 

33.8 

-174.4 

45 

25.8 

178.0 

50 

32.8 

163.9 

55 

34.1 

176.0 

60 

37.4 

174.1 

65 

35.6 

167.8 

70 

33.1 

156.4 

75 

31.3 

154.2 

80 

30.1 

154.1 

85 

27.4 

159.3 

90 

29.3 

149.0 

95 

26.7 

139.2 

100 

25.6 

145.1 

105 

24.2 

152.0 

no 

31.3 

135.0 

115 

28.5 

163.7 

120 

21.5 

143.4 

125 

18.7 

138.9 

130 

15.4 

133.1 

135 

15.3 

170.3 

140 

18.9 

159.9 

145 

21.4 

149.3 

150 

23.1 

151.3 

155 

27.6 

155.3 

160 

27.1 

143.2 

165 

17.2 

144.5 

no 

18.7 

118.9 

1/5 

20.0 

156.8 

180 

22.6 

134.9 

185 

12.9 

142.3 

190 

23.8 

149.3 

195 

16.0 

138.1 

200 

15.6 

160.7 
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SUMMARY 

In  this  study  a mathematical  method  to  determine  the  response  of  the  blood  vessels  to  transient  and 
sustained  acceleration  forces  is  presented.  The  method  is  based  on  coupling  of  the  Navier-Stofcc-s  equations 
for  blood  flow  and  the  large  elastic  deformation  theory  for  the  deformation  of  the  blood  vessels,  and 
solving  them  numerically  under  the  appropriate  initial  and  boundary  conditions.  A mathematical  reasoning 
to  neglect  the  effect  of  acceleration  on  microcirculation  per  se  is  given.  However,  microcirculation  is 
indirectly  affected  by  acceleration  forces  which  tend  to  pool  blood  and  bring  about  pressure  changes  in 
large  vessels.  Aortic  pressures  are  calculated  for  examples  of  nonotonically  increasing  and  transient  -G 
acceleration  profiles,  and  one  of  the  solutions  is  compared  with  an  available,  experimentally  measured 
pressure  from  an  animal  experiment.  In  the  absence  of  proper  physiological  scaling  laws,  the  qualitative 
agreement  between  the  theory  and  experiment  is  satisfactory. 


INTRODUCTION 

Recent  developments  in  spacecraft  and  high  performance  aircraft  have  resulted  in  the  exposure  of  the 
human  body  to  the  hazards  of  high  accelerations  beyond  tolerance  levels.  In  addition  to  injury  to  various 
parts  of  the  body,  cardiac  insufficiency  and  the  consequent,  physiological  malfunctions  such  as  headache, 
abdominal  pain,  change  in  heart  rate,  chest  pain,  loss  of  vision  and  hemorrhage  are  seme  of  the  manifesta- 
tions of  acceleration  trauma.  The  knowledge  of  the  response  of  the  cardiovascular  system  to  acceleration 
stress  is  essential  to  the  development  of  protective  devices  which  are  designed  to  increase  acceleration 
tolerance  by  the  human  body  during  aircraft  and  spacecraft  maneuvers.  The  objective  of  the  present  in- 
vestigation is  to  understand  the  response  of  the  blood  vessels  to  transient  and  sustained  aerospace  accel- 
eration profiles. 

Since  it  is  impossible  to  actually  subject  the  human  body  to  abnormal  high  accelerations  without  in- 
flicting an  injury,  the  response  of  the  vascular  system  to  transient  and  sustained  accelerations  is  investi- 
gated mathematically.  Theoretical  analyses  are  extremely  helpful  for  evaluating  the  relative  injury 
potential  for  various  acceleration  functions,  in  guiding  experimental  investigations,  and  in  developing 
and  understanding  protective  measures.  Mathematical  procedures  also  provide  the  basis  for  establishing 
precise  dynamic  and  physiological  scaling  laws  needed  to  translate  experimental  data  obtained  with  various 
species  into  meaningful  results  for  humans. 

In  recent  years,  numerous  mathematical  investigations  of  arterial  dynamics  have  appeared  in  the 
scientific  literature.  Womersley  [1]  and  Noordergraaf  f2]  have  presented  a mathematical  analysis  of  blood 
flow  through  arteries  by  using  a lumped  parameter  model.  Taylor  [3],  Kenner  (4J , Attlnger  et.  al.  {5)  used 
distributed  parameter  models  to  analyze  pressure-flow  relationships  in  arteries  and  veins.  Several  articles 
related  to  blood  flow  in  arteries  have  appeared  in  the  book  by  McDonald  [61 . An  elastic  tube  theory  of 
blood  flow  has  been  treated  by  Lambert  [7]  and  Skaiak  and  Stathls  [8].  Klvity  and  Collins  [9]  presented 
a viscoelastic  tube  model  for  aortic  rupture  under  decalerative  forces,  Rudinger  [101  studied  the  effect 
of  shock  waves  on  mathematical  models  of  aorta  for  battar  understanding  of  the  behavior  of  tha  actual  aorta. 

To  understand  the  blood  flow  characteristics  in  the  arterial  system , the  knowledge  of  the  material 
properties  of  the  arterial  wall  is  essential,  Bergel  [ill,  Fung  [121,  Demiray  and  Vito  [13]  have  utilized 
mathematical  models  of  the  constitutive  properties  of  tha  arterial  tissue  to  determine  the  stresses  in  the 
arterial  walls.  In  the  present  study,  the  strain  energy  function  given  by  Demiray  and  Vito  [131  for  an 
arterial  wall  specimen  has  been  used  in  determining  the  aortic  pressure  that  is  compatible  with  large  de- 
formation of  the  aorta  and  tha  associated  flow  under  acceleration  stress. 

The  present  study  also  considers  the  effect  of  acceleration  on  tha  microcirculation.  Microcirculation 
under  normal  conditions  was  investigated  by  Prothero  and  Burton  [141,  Mhitaorj  [15],  Gross  and  Aroesty  [16), 
Gross  and  Intaglletta  [17],  Skaiak  [181  and  Fung  (19)  who  prasantad  various  thsoriss  of  flow  in  ths  capil- 
lary bad  connecting  tha  arteries  and  veins. 

Ssvaral  experimental  investigations  on  ths  offsets  of  acceleration  stress  on  the  human  body  hava  bsen 
performed  at  tha  USAF  School  of  Aerospace  Medicine  at  Brooks  Air  Porce  Baas,  Texas,  Burton  [201  subjected 
miniature  swine  to  Gz  acceleration  to  study  its  affects  on  the  organiem  and  extrapolated  tha  results  to 
human  beings.  Psrkhurst,  at.  al.  (211  conducted  experiments  on  human  tolerance  to  high  +GZ  forces. 

Leverett,  at.  al.  [22]  investigated  the  physiologic  response  to  high  sustained  acceleration  stress,  Pater- 
son, at.  al,  [231  studied  tha  cardiovascular  responses  during  and  followin'1  exposure  to  4GS  forces  In 
chronically  instrumented  anesthetized  dogs.  Burton  and  MacKencle  [24]  determined  the  extent  of  heart 
pathology  as  a function  of  acceleration  stress. 
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MATHEMATICAL  FOFMUIATICF 


A . Equations  of  Fluid  Notion 

The  geometry  of  the  elastic  tube  containing  ^lood  in  motion  is  shown  in  Fig.  1.  Let  r,  z be 
the  cylindrical  polar  coordinates  and  let  u,  v,  and  w be  the  velocity  components  in  the  corresponding 
directions.  Assuming  axial  symmetry  in  flow  and  tube  deformation,  the  Navier*Stokes  equations  for  the 
flow  of  blood  can  be  written  as: 


3u  3u  3u 
at  11  w dz 


1 3p  f 3‘u  1 3u  3?u  u I 

r 57  + u L577  + r I?  + 3^2  * 

o w 


3w 

3t 


3w 
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3w 
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± |£  t 

p 3z 


1 3v 
r 3r 


♦ g(t) 


(1) 

(2) 


where  p is  the  pressure,  v is  the  kinematic  viscosity,  p0  is  density  of  blood  and  g(t)  is  the  body  force 
per  .aut  mass  caused  by  the  acceleration.  The  continuity  equation  is 


as  ♦ a ♦ |s  . o (3) 

dr  [ 3z 

The  above  equations  are  nondimenslonalized  using  a typical  length,  Kq,  which  is  the  initial  (unde formed) 
radius  of  the  aorta,  and  (J,  the  average  velocity  of  blood  in  the  aorta.  Introducing  the  new  quantities 


t* 


u* 


(4) 


the  equations  or  uiotion  and 


the  continuity  equation  in  terns  of  the  newly  defined  variables  become 
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Deleting  the  "stars"  for  simplicity,  the  governing  equations  in  the  dimensionless  form  will  become 
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The  boundary  and  initial  conditions  are 
dR 

U “ dt  #t  1 “ R1 
w « 0 it  r • t > 0 

w • 1 at  t ■ 0 t > 0 


where  R,  le  the  Inside  radius  of  the  blood 


■1  In  the  deformed  state. 


(8) 

(9) 

(10) 


(11) 


B.  equations  of  Motion  for  Thin-welled  elastic  Tube: 

The  theory  of  large  elastic  deformations  is  utilisod  to  describe  the  t lew -dependent  deformation 
of  the  blood  vessels.  In  view  of  the  published  results  on  blood  pooling  and  the  consequent  cardiac  in- 
sufficiency, the  applicstlon  of  large  deformation  theory  appears  necessary.  Demi  ray  and  Vito  [ID  have 
previously  used  this  theory  to  calculate  the  deformation  of  arteries. 

The  undeformed  and  deformed  cylindrical  tubes  are  shown  in  rig.  2.  Let  r,8,  s represent  a point  in 
the  wall  of  the  unde  formed  tube,  and  R,  9,  a in  the  deformed  tube,  r,,  r are  inside  and  outsida  radii, 
raspactlvsiy,  of  tha  unds formed  tube,  and  R , R those  of  the  deformed  tube.  Ratal  stretch  of  the  tube  is 
neglected  because  of  tethering  ceueed  by  tha  surrounding  tissue.  Assisting  tbs  material  of  tha  blood  vaassla 
to  bo  homogeneous,  incompressible,  and  Isotropic,  the  stress  at  any  point  cam  be  written  sat 

t1*  ■ Ag1^  ♦ ♦ FG11 


(12) 
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where  $ » 2C3W/3lj),  $ * 2C3W/9l2)»  B ■ I^g  - g rg^*Grs,  F i»  * scalar  function  which  represents  a 
hydrostatic  pressure,  W is  the  strain  energy  function,  I|  and  are  the  strain  invariants,  and  g^,  {Jij# 
and  G^j  are  the  contravariant  and  covariant  metric  tensors  C25,  26J . The  indices  i and  j take  the 
values  1,  2,  and  3.  The  equations  of  motion  are  given  by; 

tijl|  i + pwr3  - pwfj  «3» 

where  ||  denotes  covariant  differentiation,  pw  is  the  density  of  the  vessel  wall,  F is  the  body  force,  and 
f is  the  acceleration.  Let  ua  neglect  the  body  force  on  the  vessel  wall  in  comparison  to  its  effect  on 
the  fluid  flowing  in  tho  cylindrical  tube.  Performing  the  covariant  differentiation  on  the  remaining  part 
of  the  equation  of  notion  we  get 


* r1 


- r4u  *lr 


0Wf 


(14) 


where  T represent  the  Christoffel  symbols  of  the  second  kind  [25,  26[ . 


is 


It  has  been  shown  that  for  a bioaaterial,  a reasonable  strain  energy  function  as  shown  in  [13] 
o(I,  - 3) 


2a 


(15) 


in  which  a and  6 are  material  constants.  Defining  the  circumferential  stretch  ratio  1 » R/r,  the  stresses 
in  the  r,  9,  r directions  can  be  expressed  as 


11  . 
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W e 
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,2T22 
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Substitution  of  the  above  equations  and  the  appropriate  Christoffel  symbols  in  Eq.  (14)  gives  the  equation 
of  motion  in  the  fora 
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With  p^,  p2  denoting  the  pressure  on  the  inside  end  outside  wall,  respectively,  of  the  blood  vessel,  the 
use  of  the  boundary  conditions,  t*1  * -Pj(t)  at  R • R{  and  t11  - -p2(t)  at  S * R2,  substituting  Eq.  (21) 


into  Eq,  (19)  and  integrating  yields 

d2Rj 

r»,w  ' *'2,v'  ~ —"1  “dt? 


Rj  / \ , f Ri  i Rq2 
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It  must  be  recognised  that  the  relationship  Ij  ■ 1 + l2  ♦ 1/A  z has  been  used  to  obtain  Eq,  (22), 
The  following  disMnaionlesa  quantities  are  introduced  into  Eq,  (22)  i 
p Rl  1*2  tU  S Pw 

p*  • rv  • v • s1  * v ■ r • t#  ■ r 8*  * rk  p;  - r 

o o o o o o 

Then  the  equation  of  motion  in  the  radial  diraction  becoaes 

d2R*  , R,»  , , 2 T *„*  , ,R,*2  .1 

<p,»  - p2*s  - p;  Vdt=T  ln  (*T?)  4 PJ  (sO  [ln  v + 0] 

■\  itl2  a<A2  * i/X*  - 2,dl 
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It  the  "stars’’  ars  dropped  for  convenience,  Eq.  (24)  can  be  written  ast 


Alo-4 


The  initial  conditions  are: 

At  time  t * tQ,  * Rq,  dR^/c,  t » u,  radial  velocity  of  fluid. 


(25) 


C.  Effect  of  Acceleration  on  Microcirculation 

The  blood  vessels  of  microcirculation  are  extraordinarily  small,  and  their  typical  dimensions 
are  of  the  order  of  microns.  Under  normal  circumstances,  the  velocity  of  the  blood  in  the  microcirculation 
is  1 mm/sec  and  the  Reynolds  number  is  of  the  order  OI10'!),  which  is  sufficiently  small  so  that  the  Stokes 
flow  approximations  are  applicable.  Neglecting  the  inertial  effects  and  assuming  that  the  stream  lines 
are  nearly  parallel,  the  dimensionless  equation  of  fluid  station  in  the  axial  (z)  direction  become:' 


3w  _ 3p  | 1 / 32w 
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which  can  be  rearranged  to  read 
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In  the  earth's  natural  gravitational  field,  the  dimensionless  g,  aa  qiven  in  Eq.  (4),  is  of  the  order 
Oder2),  and  with  the  effect  of  Re  — 0(10  d in  the  last  term  Re  g(t)  in  Eq.  (27)  becomes  physiologically 
insignificant,  being  of  the  order  OHO*5) . We  estimate  that  the  effect  of  acceleration  on  microcirculation 
per  se  car.  be  safely  neglected  up  to  100  g.  However,  the  pressure  of  the  blood  pooled  in  the  arteries  and 
veins  can  affect  the  flow  rate  in  the  small  vessels.  For  this  reason  it  is  necessary  to  determine  a re- 
lationship between  the  pressure  gradient  and  the  flow  rate  in  the  small  blood  vessels. 


For  the  flow  of  a Newtonian  fluid  in  a uniform  tube  Szymanskl  (271  showed  that  the  flow  would  be 
fully  developed  if  vt/D2  V 1,  where  t - time,  v • kinematic  viscosity,  and  D * tube  diameter.  An  extension 
of  this  criterion  to  microcirculation  yields  vAt/D2  1 for  flow  to  be  quasi-steady,  whore  At  is  the 
smallest  characteristic  time  of  the  unsteadiness  in  flow.  According  to  Burton  (28),  AtarO.l  sec;  using 
V > 0.04  Stokes,  one  finds  that  the  diameter  D must  be  greater  than  600),  (microns)  for  any  significant 
effect  of  unsteadiness.  Since,  in  microcirculation  the  diameters  of  blood  vessels  are  much  less  than  600u, 
changes  in  flow  due  to  unsteadiness  become  entirely  negligible.  On  this  basis  Benis  (291  argued  that  the 
effect  of  unsteadiness  on  non-Newtonian  flow  could  also  be  neglected.  Thus,  the  use  of  steady-flow  equa- 
tions can  be  justified  for  microcirculation. 


Tor  steady  capillary  flow,  the  flow  rate  through  a circular  tube  can  be  expressed  by 


where  Q 
yields 


Q • 2x 


S' 
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R - tube 
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radius,  and  w • blood  velocity. 


(28) 

Integration  by  parts  of  the  right  hand  side 

(29) 


The  first  integral  on  the  right  hand  side  of  Eq.  (29)  is  zero.  In  the  second  integral  the  domain  of  in- 
tegration can  be  divided  into  two  regions:  a cone  of  unsheared  fluid  extending  to  radius  R , and  the 
annular  region  bounded  by  the  unsheared  fluid  and  the  tube  wall.  y 

Than, 

Q - - * /**  **  (t 7)  dr  - ’/  r2  (5?  ) dr  uo) 

0 *y 

The  first  term  on  the  right  hand  side  in  Eq.  (30)  which  represents  ths  core  integral  is  zero.  By  changing 
the  variables  from  r to  1 in  the  second  term  as  suggested  by  Merrill  at.  al.  (30),  Eq.  (30)  can  be  written 

as 


8x  fx w , . 

0 ' TTpTuT  J r di 

Xmm 

where  L 
AP 
T 
♦ 


• length  of  the  capillary 

• pressure  drop 

• shear  stress 

• shear  rate. 
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The  sheer  stress  end  the  sheer  rate  ere  related  by  an  empirical  equation 

, 1/ 2 » t * M*’*  * >*'*  (32) 

l which  ty  »s  the  yield  sheer  stress,  end  M ^ ' ‘ is  a constant  which  represents  the  sle(»  of  the  Cannon 
plot  teiatimj  the  vlscometrrc  parameters  of  blood.  In  Poiseullle's  flow  m becomes  the  blood  viscosity. 
Substitution  of  Eq.  (32)  into  Bq.  (Ill  end  integration  yields 
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4s  S7/:  tAP/U1^2 


2*  *y 

21  imi\ 


s l RJ 

X 
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which  is  valid  under  the  assumption  that  the  flow  is  steady,  laminar  and  incompressible,  and  blood  is 
homooeneoua . In  the  above  equation,  * y and  v.  are  known  constants:  then  plots  of  o vs.  AP/L  for  capillaries 
of  various  radii  can  be  easily  constructed.  An  example  of  this  relationship  is  shown  in  Fig,  b. 


RESULTS  AND  DISCUSSION 

To  determine  tlie  response  of  the  blood  vessels  one  must  solve  Eqs.  (8) , (4) , (101  and  (25)  under  the 
appropriate  boundary  conditions.  Since  these  equations  core  coupled  a numerical  solution  usinq  a diqital 
computer  was  sought  as  described  in  an  earlier  paper  (111. 

The  following  constants  were  used  in  the  solution:  1^,  • 1.47  cm,  U • 11.9  cat's,  r’w  * 1.05  gr/emJ, 

- 1.05  gr/emJ,  v « 0.038  Stoke,  a » 0.8  a:ul  6 • 11.15  * 101*  dynes'cm*.  The  constants  a and  8 are 
elastic  constants  which  appear  in  the  strain  energy  function  W,  Eq.  (15).  These  values  are  reported  In 
literature  for  a specimen  of  human  aorta.  The  elastic  constants  for  specimens  of  veins  are  not  available, 
primarily  because  the  research  of  determining  the  strain  energy  function  in  the  form  of  Eq.  (15)  is  rela- 
tively new. 

As  examples,  two  deceleration  profiles  were  used  in  the  solution:  one,  a linear,  monotonically  in- 
creasing function  of  time  represented  by  g(t)  • 7840t  cm/s’,  and  a transient  type  (Fig.  1)  which  increased 
and  decreased  rapidly  (321.  For  both  these  cases,  aortic  pressures  were  calculated  by  utilizing  a finite 
difference  technique  which  involved  Runge-Kutta  integration  procedure  and  Adams-Bashforth  predictor- 
corrector  method.  The  dimensions  of  the  human  ao-ta  were  chosen  from  the  physiological  data  presented  in 
Westerixif  et.  al.  133).  The  aortic  pressures  calculated  for  the  sustaining  linear  deceleration  profile 
is  shown  .n  Fig.  4.  The  aortic  pressure  in  response  to  the  transient  profile  of  Fig.  3 is  presented  in 
Fig.  a along  with  an  experimentally  determined  pressure  in  the  thoracic  aorta  of  a beagle  dog  which  was 
subjected  to  the  same  transient  deceleration  profile  for  comparison.  The  shapes  of  the  pressure  vs.  time 
curves  are  nearly  the  same  Indicating  satisfactory  qualitative  agreement.  An  exact  quantitative  agreement 
cannot  be  expected  because  of  the  anatomical  and  physical  differences  between  the  sublects. 

The  method  of  calculation  described  above  for  an  artery  can  be  easily  extended  to  a vein,  and  the 
pressure  difference  across  the  capillary  bed  can  be  determined.  Equation  (33)  represents  a relationship 
between  the  flow  rate  and  the  pressure  gradient  In  a small  tube.  For  selected  values  of  t..  * 0.042 
dyne/c**,  u • 0.05  Jyne-sec/csr , D ■ 100  microns,  L • 2.5  cm,  the  flow  rate  0 is  computed  tot  various 
pressure  drops  In  the  range  AP/t  • 10—10000  dyne/m1  and  shown  in  Fig.  6.  If  the  pressure  of  the  blood 
pooled  on  the  venous  side  is  known,  the  effect  of  acceleration  on  the  flow  in  microcirculation  can  be 
determined  from  Fig.  6.  It  must  be  noted  that  the  flow  rate  Indicated  In  Fig,  6 Is  for  a narrow  blood 
vessel  of  specific  dimensions.  TO  obtain  the  total  blood  flow  ona  must  formulate  the  solution  on  a 
statistical  basts  which  includes  the  arterioles,  venules  and  capillaries  of  various  dimensions  and  chang- 
ing rheological  properties  of  blood. 

The  results  presented  in  this  paper  are  part  of  an  effort  to  describe  the  cardiovascular  system  in 
terms  of  its  physical  and  mechanical  properties.  Most  investigations  hither  to  reported  have  dealt  with 
electrical  ana logs  of  the  cardiovascular  system  in  which  various  parameters  were  introduced  in  terms  of 
resistances,  impedances  and  capacitances.  These  electrical  quantities  may  not  truly  represent  the  cardio- 
vascular parameters  under  high  g conditions,  and  an  analysis  of  the  cardiovascular  system  which  is  based 
on  its  original  properties  Is  therefore  desirable. 
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SUMMARY 

The  history  of  analytical  head  injury  modeling  Is  briefly  reviewed,  and  the  design 
restrictions  that  limit  their  usefulness  are  discussed.  One  of  the  most  recent  models, 
a linear  finite  element  Idealization  of  the  human  brain,  is  presented.  Intracranial 
pressures  computed  by  this  model  are  compared  to  pressures  measured  in  human  cadaver 
head  impact  tests.  The  computed  pressures  and  observed  injuries  are  correlated  for  a 
series  of  ten  tests.  Injury  prediction  based  on  maximum  intracranial  pressure  Is  compared 
to  prediction  based  on  the  Gadd  Severity  Index  and  the  Head  Injury  Criterion  Index, 


INTRODUCTION 

In  the  past,  the  dynamic  response  of  the  human  brain  to  head  impact  could  only  be 
described  in  general,  nonspecific  terms.  It  was  known  that  a pressure  gradient  develops 
in  the  brain,  but,  with  few  exceptions,*  pressure  magnitudes,  their  time  durations,  and 
their  effects  on  injury  were  unknown.  The  mechanics  of  closed  skull  brain  injury  had 
been  theorized  but  never  proven,  and  the  validity  of  head  injury  indices  computed  from 
head  accelerations  had  been  questioned.  Quantitative  cause  and  effect  relationships  do 
not  exist,  although  head  trauma  is  a serious  and  common  injury. 

The  brain  with  its  surrounding  tissue  and  fluids  form  a complex  dynamic  system. 

The  dynamic  response  characteristics  of  the  integral  system  are  just  beginning  to  be 
understood.  Approximately  thirty  analytical  continuum  models  of  the  head  have  been 
suggested  and  studied  since  1964.  (Detailed  reviews  of  these  models  are  presented  in 
Ref  3 and  4.)  It  was  hoped  that  the  models  would  reveal  new  information  about  the 
mechanical  responses  associated  with  brain  injury.  But  aside  from  the  satisfaction 
obtained  from  solving  a classical  mechanics  problem,  the  research  was  disappointing. 

Many  problems  are  encountered  in  modeling  the  head.  Large  displacements  and  rotation  of 
the  head,  the  need  for  a nonlinear  neck  (the  response  of  which  is  as  yet  undefined), 
cumbersome  mathematics,  inadequately  defined  material  properties,  and  a scarcity  of 
experimental  data  for  model  validation  are  some  of  the  problems  facing  the  modeler. 

In  attempts  to  minimize  or  circumvent  these  difficulties,  simplifications  have  been 
made  in  the  models  that  critically  limit  their  usefulness  and  accuracy.  A common  simpli- 
fication is  to  idealize  the  head  as  a closed  shell,  which  adversely  affects  the  results. 

In  many  continuum  models,  those  which  do  not  utilize  finite  elements,  the  skull  is 
modeled  as  a closed  axisymmetric  or  spherical  shell.  The  shell  is  considered  filled 
with  an  incompressible  or  nearly  incompressible  brain-like  substance  (fluid  or  soft 
viscoelastic  material).  A small  deformation  produced  by  a moderate  impact  would  initiate 
high  pressures  in  the  simulated  brain..  A change  in  volume  of  only  one  one-thousandth 
(dv/v  ■ 1/1000)  would  produce  internal  pressures  of  several  hundred  psi. 

Obviously,  high  brain  pressures  accompanying  low  skull  stresses  is  not  what  nature 
intended,  and  it  is  not  the  invivo  result.  Measured  Intracranial  pressures  are  seldom 
above  40  psi  at  impact.  The  brain  and  skull  do  not  form  a closed  system;  blood  flows 
through  the  arteries  and  veins,  the  cervical  cord  is  easily  deformed,  and  the  cerebro 
spinal  fluid  (CSP)  can  move  in  or  out  through  the  foramen  m-ngurn  (opening  in  the  base  of 
the  skull).  Experimental  research  (reviewed  in  Ref  5)  shows  that  as  the  skull  is  deformed 
at  Impact  the  intracranial  pressure  is  modulated  by  the  CSF  space  and  vascular  bed. 

This  effect  is  referred  to  as  the  volume  elastance  (dP/dV)  or  volume  distensibillty 
(dV/dP)  of  the  central  nervous  system  (CNS)  and  contained  fluids.  Although  now  believed 
to  be  a primary  factor  in  brain  injury  modeling,  its  importance  has  just  recently  been 
established.  Only  a few  specialized  pressure-volume  relationships  from  tests  on  animals 
have  been  published  (Ref  6,  7,  and  8).  The  appropriate  volume  elastance  to  use  when 
modeling  human  head  impact  has  not  been  established. 

With  finite  elements,  some  of  the  simplifications  required  for  solution  in  earlier 
models  are  unnecessary.  Finite  elements  provide  the  badly  -eeded  capability  to  model 
Irregular  shapes.  This  is  especially  important  for  a sku  ""aeture  model.  The  human 
skull  thickness  varies  significantly  from  point  to  point  i...  ->m  skull  to  skull.  Yet 

thickness  Is  the  most  Important  dimension  in, jimulating  the  u,  ,xl.  The  deformation  is 
Inversely  proportional  to  thickness  cubed  (t 3),  As  a result  it  is  difficult  to  obtain 
agreement  between  measured  skull  stresses  and  model  compacted  stresses.  Even  in  a 
finite  element  skull  model  the  thickness  must  be  varied  from  node  to  node.  Any  model 
that  uses  a constant  skull  thickness  will  surely  fail  in  a validation  test  comparison 
with  the  response  of  n real  skull. 

#Some  pressure  gradients  have  been  measured  in  cadavers  (Ref  1)  and  fluid-filled 
skulls  (Ref  2). 
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DISCUSSION 

Simplifying  assumptions  were  also  made  in  the  finite  element  brain  model  described 
in  this  paper.  Because  the  invivo  properties  of  the  brain  have  not  been  defined  for 
high  strain  rates,  the  brain  is  idealised  as  being  linear  elastic  and  homogeneous. 

Elastic  brick  elements  represent  the  soft  tissue,  and  membrane  elements  represent  the 
partitioning  internal  folds  of  dura,  the  falx,  and  tentorium  (Pig  1).  To  avoid  the 
problems  associated  with  modeling  the  skull  and  neck,  the  equations  were  rewritten  in 
auoh  a way  that  these  structures  need  not  be  modeled, * This  simplification  greatly 
reduces  the  number  of  equations  and  facilitates  solution.  Local  skull  deformation  under 
the  load  is  also  neglected  in  this  approach.  But  the  head  itself  can  experience  large 
rotational  and  translational  accelerations.  The  effect  in  accuracy  of  these  simplifica- 
tions is  believed  to  be  minimal,  since  the  model  responses  have  been  checked  against 
measured  data  from  four  laboratories  (Ref  9,  10,  and  11), 

Solution  Procedure 

The  equations  of  motion  are  solved  on  the  digital  computer  using  a linear  finite 
element  analysis  program  that  is  a modified  version  of  the  SAPV  computer  program  for 
structural  analysis.  Displacements  of  the  brain  relative  to  the  skull  are  computed. 

The  transformation  to  relative  coordinates  is  unique  to  this  study  and  can  be  described 
as  follows. 

The  finite  element  matrix  equation  of  motion  is  written  first  in  inertial  coordinates, 

MU  + KU  - R (1) 

where  M is  the  diagonal  lumped  mass  matrix,  K is  the  structural  stiffness  matrix,  and 
U,  0,  and  R are  the  column  matrices  of  inertial  displacements,  inertial  accelerations, 
and  generalized  loads,  respectively.  The  inertial  displacements  are  rewritten  in  terms 
of  rigid  body  and  relative  elastic  displacements 

U - X + Q (25 

where  X is  the  displacement  relative  to  the  skull  fixed  axis  (elastic  displacement)  and 
Q is  the  rigid  head  displacement.  The  inertial  accelerations  are  also  separated  into 
rigid  body  and  relative  accelerations 

U - X + Q (3) 

*• 

However,  Q is  not  a simple  relationship;' it  is  a combination  of  translational  acceleration, 
rotational  velocity  and  acceleration,  and  centripetal  acceleration.  The  terms  In  X are 
the  node  translational  acceleration  measured  relative  to  the  skull  fixed  anatomical 
axis.  Substituting  Eq  (2)  and  (3)  into  Eq  (1)  provides 

MX  + MQ  + KX  + KQ  - R ( H ) 

Since  there  is  no  strain  energy  associated  with  rigid  body  motion 

KQ  - 0 (5) 

and  Eq  (4)  can  be  written  as 

MX  + KX  - R - MQ  (6) 

•* 

The  MQ  matrix  Is  computed  using  measured  or  specified  head  accelerations  and  rotations. 

In  this  particular  simulation,  because  no  forces  are  applied  directly  to  the  brain,  R ■ 0, 
Forces  applied  to  the  skull  are  accounted  for  in  the  inertial  loads  matrix  M§.  The 
program  applies  the  appropriate  inertial  load  to  each  node  in  the  system,  just  as  forces 
would  be  applied.  The  resulting  equations  are  solved  using  standard  structural  analysis 
procedures  and  direct  time  integration. 

Experimental  Validation  Tests 

In  this  research  program,  head  impact  tests  are  simulated  with  the  model  and  then 
the  computed  results  are  compared  to  measured  brain  responses  (Fig  2).  In  the  past  two 
years  the  models  have  been  changed  and  upgraded  to  improve  the  correlation.  Although 
live  animal  brain  responses  have  been  used,  the  best  data  for  substantiating  the  models 
were  obtained  from  unembalmed,  pressurized  cadaver  tests  at  University  of  California  at 
San  Diego  (UCSD)  (Ref  10  and  12),  In  those  experiments,  the  cadaver  was  seated  in  front 
of  a sliding  impact  device.  Suture  attachments  to  an  overhead  frame  positioned  the  head 
but  did  not  interfere  with  its  movement.  To  minimize  head  rotation,  the  anatomical  axis 

Comparison  of  intracranial  pressures  from  a brain  model  with  and  without  an  attached 
skull  showed  the  effect  of  the  skull  deformation  on  intracranial  pressures  to  be 
minimal.  Pressure  gradients  developing  in  the  brain  are  caused  primarily  by  the 
acceleration  of  the  head. 


A 1 70 


or  the  skull,  the  Frankfort  Plane,  was  inclined  45  degrees  relative  to  the  horizontal. 
Simulated  normal  invivo  pressures  wore  obtained  in  the  vascular  nnd  cerebrospinal  fluid 
system*  prior  to  impaot.  The  vascular  fluid  contained  India  ink  so  that  contused  areas 
oould  be  marked  by  turning  black,  Just  ns  bleeding  would  turn  them  red  in  n living 
brain.  In  one  series  of  tests,  pressures  were  measured  subdurnlly  nt  five  or  six  locations 
on  the  brain  surface.  These  teats  were  also  simulated  with  the  brain  models,  and  the 
measured  nnd  computed  pressures  were  compared.  The  responses  of  the  earlier  (1976) 
models  were  slow  nnd  lagged  the  measured  pressures  ns  shown  in  Pig  3.  Although  thin 
.delay  was  corrected  by  changing  the  material  properties,  computational  inaccuracies  due 
to  the  brain's  near  incompressibility  had  to  be  eliminated.  The  regular  element  in  the 
1977  model  was  replaced  with  a new  split  energy  element.  This  element,  described  in  Ref 
13,  is  accurate  for  all  values  of  compressibility . 

Material  Properties 

The  in-altu  material  properties  of  the  brain  and  its  contained  fluids  have  not  been 
adequately  defined  for  the  high  strain  rate  injury-producing  event  (Ref  5).  Experimental 
research  on  brain  specimens  indicate  that  the  response  is  viscoelastic,  loading-rate 
sensitive,  and  nonlinear  (Ref  14).  However,  beonune  the  event  in  of  short  duration,  the 
nonlinear  properties  in  this  study  were  approximated  with  errective  linear  material 
constants.  These  constants  were  determined  in  a parametric  study  (Pig  2),  Thirteen 
impact  testa  were  simulated  using  a range  of  possible  material  constants,  nnd  then  the 
computed  and  measured  pressures  were  compared.  This  study  revealed  that  for  the  composite 
material  (brain,  vascular  system,  and  fluid),  a Young's  Modulus  (E)  of  6,670,000  dynes/ 
sq  cm  gave  good  results.  The  stress-strain  modulus  for  brain  material  is  very  strain- 
rate  dependent  (Ref  14),  and,  for  the  high  strain  rates  nt  impact,  a value  in  this  range 
could  be  expected. 

The  parametric  study  revealed  that  a single  value  for  Poisson's  ratio  (v)  was  not; 
adequate;  hard  surface  impacts  require  higher  values.  The  padded  impact  has  a long 
acceleration  pulse  (Pig  4a),  while  the  unpaddod  nnd  ineffectually  padded  impacts  have  a 
sharp  spike-shaped  acceleration  pulne  (Pig  4b  and  a).  A higher  Poisson's  ratio  that; 
represents  a more  nearly  incompressible  material  is  required  to  simulate  these  spike- 
shaped  acceleration  traces.  The  underlying  reason  for  this  requirement  in  still  being 
researched.  It  may  be  that  the  material  constants  should  be  varied  throughout  the  model 
to  more  accurately  represent  the  brain,  or  it  may  be  a natural  consequence  of  the  system 
mechanics.  The  pressure-release  mechanisms  associated  with  the  volume  elastanoe  are  a 
function  of  the  event  time  duration.  During  the  spike-shaped  acceleration,  these  mecha- 
nisms would  hnve  less  time  to  act  or  affect  the  pressure  response.  Then,  an  the  pulse 
duration  decreases,  the  nearly  incompressible  character  of  the  brain  tissue  would  begin 
to  predominate. 

To  simulate  thin  nonlinear  loading-rate  effect,  three  values  for  v (0.48,  P.iio,  and 
0.499)  were  selected,  defining  Models  I,  TI,  and  III.  Model  selection  is  based  on  the 
shape  of  the  acceleration  trnce.  The  value  of  the  acceleration  peak  magnitude,  A, 
divided  by  the  nvernge  pulse  width,  T,  in  the  model  selection  parameter.  Refer  to  P.lg 
4 and  Table  1.  When  the  three  models  are  employed  as  .specified  in  Table  1,  the  correla- 
tion between  the  measured  nnd  computed  intracranial  pressures  is  good  (Table  2). 

Sample  correlations  for  the  three  models  are  shown  in  Pig  5,  6,  and  7.,  When  the  selection 
procedure  in  Table  1 is  not  followed,  a variation  between  measured  and  computed  peak 
pressures  results.  This  is  demonstrated  in  Fig  6:  the  lower  Poisson's  ratio  model, 

Model  I,  wan  used  to  compute  peak  pressure  in  an  unpadded  impact;. 

Correlation  Retween  Frontal  Pressure  nnd  Injury 

Although  the  model  can  predict;  pressures,  the  research  objective  ln‘t;o  predict; 

Injury.  Using  the  three  inodols,  ton  additional  pressurised  cadaver  head  Impact,  tests 
were  simulated.  Tn  these  experiments  the  brain  injuries  were  graded,  but  pressures  were 
not  measured  (Ref  12),  Injury  codes  or  1,  2,  nnd  3 were  established  to  .1  mil  onto  minor, 
moderate,  nnd  severe  injury,  respectively,  because  the  Injuries  were  primarily  In  the 
frontal  region  of  the  brn.ln,  the  computed  frontal  pressures,  shown  in  Table  2,  were 
compared  to  Injury  severity,  A plot  of  the  pressures  and  corresponding  Injury  severity 
numbers.  Fig  6,  shown  the  following  relationship: 

TnJ  cry  Pressure 

Severe  > 2.30  x 10  ' dynes/sq  cm 

Moderate  1.80  ho  2,30  x 10^'  dynes/sq  cm 

(* 

Minor  < 1.80  x 10°  dynes/sq  cm 

The  same  relationship  exists  between  the  magnitude  of  occipital  computed  pressures  and 
occipital  brain  injury  In  four  live  animal  tents  (Ref  IS). 

Pressure  ns  an  Injury  Predictor 

Currently,  the  Head  Injury  Criterion  (IITC)  and  timid  Severity  Index  (OST)  are  used 
to  predict  Injury;  11  lire  or  (1ST  Index  above  1000  would  correspond  to  a serious  Injury, 

The  Index  value  of  1000  In  considered  to  be  the  human  tolerance  level.  No  serious 
Injury  should  occur  If  the  1110  and/or  OSI  Index  Is  below  1000,  The  Indices  are  defined 
ns 


AI7-4 
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where  a is  the  resultant  head  acceleration.  In  the  OSI  calculations,  Eq  (7),  the  inte- 
gration is  over  the  complete  acceleration  pulse,  but  in  the  HIC  calculations,  Eq  (8), 
the  time  interval  tj  - ti  is  selected  to  maximize  the  value,  (The  integration  is  performed 
using  various  time  periods;  then  the  period  that  results  in  the  highest  HIC  value  is 
selected.)  Because  these  indices  include  the  effect  of  acceleration  duration,  they  are 
a significant  improvement  over  the  earlier  practice  of  using  only  peak  head  acceleration 
in  establishing  tolerance  levels.  But  a measure  of  the  effect  of  the  acceleration  on 
the  brain  may  be  an  even  better  indication  of  injury.  Injury  correlation  with  frontal 
pressure  (a  brain  response  measure)  can  be  correlated  with  the  HIC  and  GSI  indices. 

Graphs  similar  to  the  one  used  for  frontal  pressure  were  prepared  for  the  HIC  and  OSI 
(Fig  7 and  8).  These  indices  do  not  predict  the  serious  injury  that  occurred  in  Test 
29,  However,  the  frontal  pressure  correctly  predicts  a grade  3 injury.  In  this  particular 
test  series  the  frontal  pressure  magnitude  is  a better  predictor  of  injury  than  the  HIC 
or  GSI.  The  frequency  and  shape  of  the  forcing  function  (head  acceleration)  and  the 
system  response  characteristics  of  the  brain  predominate  In  the  calculation  of  the 
Intracranial  pressures.  The  HIC  and  GSI  are  computed  by  using  only  the  integration  of 
the  head  acceleration  raised  to  the  2.5  power  (Eq  7 and  8).  In  this  integration  the 
contribution  of  the  spike-shaped  accelerator  pulse  is  small.  But  the  effect  of  the 
acceleration  spike  on  intracranial  pressure  is  significant  as  shown  in  Test  29. 

Padding  to  Eliminate  High  Intracranial  Pressure  Pulses 

These  results  demonstrate  the  importance  of  adequate  padding.  Appropriate  padding 
would  have  eliminated  the  spike-shaped  acceleration  pulse  and  ensuing  high  intracranial 
pressures  in  Test  29.  No  injury  would  have  occurred  in  Test  29  if  the  lmpactor  had  been 
adequately  padded.  Extrapolating  to  head  impacts  in  vehicle  accidents,  lives  could  be 
saved  by  covering  potential  hard-surface  head  impact  sites  with  compressible  material. 

Also,  padding  in  helmets  may  be  more  important  than  originally  believed.  High-magnitude, 
short-duration  intracranial  pressures  occur  when  the  padding  Is  too  hard,  or  when  it 
compresses  completely  (bottoms  out)  under  the  load.  Helmet  padding  should  be  designed 
to  minimize  the  pressure  pulses  developing  in  the  brain  by  providing  optimum  crush  rates 
for  a range  of  impacts. 

FUTURE  RESEARCH 

This  combined  analytical  and  experimental  research  effort  has  revealed  important 
facts  about  the  response  of  the  brain  to  Impact.  A better  understanding  of  frontal 
impact  Injury  has  resulted.  But  there  is  much  more  to  learn.  A great  amount  of  additional 
experimental  research  is  needed.  The  results  used  in  this  study  reported  in  References 
10  and  12  constitute  only  a small  injury  sample.  Additional  impacts,  such  as  side  and 
occipital,  need  to  be  performed  and  simulated  to  test  the  models.  The  effects  of  high 
head  rotational  accelerations  and  velocities  need  to  be  studied.  Response  measures 
other  than  pressure  may  be  important  when  rotation  is  significant.  Experimentally,  in- 
sltu  brain  material  properties  need  to  be  defined  for  these  short-duration,  hlgh-loadlng- 
rate  events.*  Also,  the  compressibility  provided  by  fluids  flowing  out  of  the  cranial 
cavity  needs  to  be  investigated. 

CONCLUSIONS 

1,  Models  now  exist  that  can  predict  intracranial  pressures  for  frontal  head  impact. 

2,  A relationship  between  frontal  pressure  magnitude  and  frontal  lobe  injury  severity 
is  demonstrated, 

3,  In  this  particular  test  series,  the  frontal  pressure  magnitude  is  a better  indicator 
of  injury  than  the  HIC  or  GSI  indices. 

it.  Adequate  padding  of  possible  head  impact  surfaces  and  helmets  could  be  very  effective 
in  preventing  the  type  of  Injury  observed  in  these  tests.  Such  padding  would  eliminate 
' the  high-magnitude,  impulsive-type  head  accelerations  that  produce  high-magnitude  pressure 
pulses  in  the  brain, 

g 

The  properties  probably  vary  throughout  the  brain,  but  with  the  limited  information 
available,  uniform  material  properties  had  to  be  assumed. 
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Model  Properties 


Type  of 
Element 

Young's  Modulus g 
(dynes/sq  cm  x 10°) 

Split  Energy 

6.67 

Split  Energy 

6.67 

Split  Energy 

6.67 

A/T*  x 1 


0 - 1.5 


1.5  - 2.5 


>2.5 


peak  head  acceleration/average  pulse  width 


Poisson's 


o.its 


0.49 


0.1)99 


Table  2.  Simulated  Frontal  Pressures 


UCSD 

Test  No. 

A/T*  x 108 
(cm/sec 3) 

Model 

Used 

Pressure  g 

(dynes/sq  cm  x 10°) 

15 

0.8 

I 

1.53 

17 

2.7 

III 

4.17 

18 

2.2 

II 

1.41 

19 

1.1 

I 

1.76 

26 

0.1)5 

I 

1.09 

27 

0.15 

I 

0. 40 

28 

1.37 

I 

1.98 

29 

11.16 

III 

3.10 

31 

0.63 

I 

1.32 

32 

1.65 

II 

2.43 

A/T  * peak  head  acceleration/average  pulse  width 
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Figure  10.  Comperieon  of  Injury  Severity  end  Oet'd  Severity  Index  for 
ten  UCSO  heed  Impect  texts. 


DISCUSSION 


COL  C.  KNAPP  (USA) 

Are  you  or  have  you  attempted  any  correlation  between  survivable  closed  head 
injury  and  the  pressure  values  and  the  cadaveric  anatomic  findings? 

AUTHOR'S  REPLY 

We  have  no  data  from  humans  on  survivable  injuries  at  the  present  time.  However  to 
obtain  more  information  from  the  real  world  a study  to  record  injuries  from  live 
patients  has  been  started.  We  have  currently  agreed  what  the  coding  should  be, 
how  we  should  describe  the  severity  of  the  injury  and  now  I expect  that  in  the 
near  future  we  will  have  such  information  to  correlate  with. 

COL  C.  KNAPP  (USA) 

I guess  it  will  be  very  difficult  to  take  the  clinically  survived  head  injury  and 
place  on  that  injury  description  a specific  pressure  value? 

AUTHOR'S  REPLY 

That  is  true.  It  will  be  hard  to  reconstruct  what  happened  to  that  person. 

COL  C.  KNAPP  (USA) 

Are  you  satisfied  with  the  correlation  of  the  HIC  (Head  Injury  Criterion)  with  your 
pressures?  Have  you  done  some  regression  correlation  work  on  that  or  are  you  sat- 
isfied with  the  HIC  value  of  1,000  for  concussive  injury? 

AUTHOR'S  REPLY 

There  will  always  be  a deviation  between  the  HIC  and  the  intercranial  pressures, 
because  the  HIC  Integrates  the  acceleration  pulse  and  tends  to  smooth  it  out;  the 
pressure  responds  to  the  acceleration  pulse  and  in  a certain  frequency  range  the 
brain  response  Is  amplified  so  that  it  also  has  a sharp  spike.  Therefore  the 
sharper  the  spike  the  greater  the  deviation  between  what's  indicated  as  injury  by 
pressure  and  what  would  be  indicated  as  injury  by  the  HIC.  As  far  as  looking  at 
the  HIC  itself,  I haven’t  evaluated  It. 

COL  C.  KNAPP  (USA) 

If  we  are  going  to  accept  head  protective  gear  based  on  HIC  or  SI  (Severity  Index) 
criteria,  it  would  seem  that  we  need  to  work  toward  correlation  of  these  parameters 
to  biologic  injury  as  an  end  goal  and  I would  hope  that  your  modeling  work  would 
eventually  try  to  come  to  some  correlation,  because  there  seems  to  be  a great  deal 
of  difference  of  opinions  In  the  community  right  now  whether  that  HIC  - 1,000  value 
represents  a real  limit. 

AUTHOR'S  REPLY 

I agree. 

DR.  VON  GIERKE  (USA) 

Taking  the  intercranial  pressure  as  indicator  for  injury  can  only  be  a very  rough 
approximation.  It  will  never  give  you  the  distribution  of  the  Injury.  The  pres- 
sure distribution  will  be  an  important  factor  which  produces  local  tissue  stress. 

I wonder  where  are  the  limits  for  the  application  of  your  model?  What  are  your 
plans  for  really  going  further  down  to  the  prediction  of  localized  Injury  we  must 
expect  from  the  different  types  of  blows? 

AUTHOR'S  REPLY 

Right  now  we  compute  pressures  throughout  the  head  and  we  intend  to  look  at  the 
merit  of  other  measures.  There  are  a number  of  other  things  that  we  would  like  to 
look  at.  So  far  this  is  only  for  frontal  impact.  We  plan  to  proceed  this  year 
to  side  impact.  And  then,  of  course,  we're  going  to  do  occipital  impact.  We  have 
already  started  some  helmeted  impacts,  but  in  each  case  we  are  only  measuring  pres- 
sure. Probably  a year  from  now,  if  the  study  goes  on,  we  will  start  to  measure 
strain.  Strain  could  be  a very  important  quantity  in  Injury.  As  yet  there's  no 
experimental  data  on  strain.  The  tests  we  proposed  and  had  conducted  did  not  pro- 
duce measurable  strains;  so  as  yet  strain  has  evaded  us.  We  will  have  to  deal  with 
that  problem  after  we  have  completed  the  pressure  study. 


A 1 8-1 
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SUMMARY 

Different  species  of  monkies  underwent  impact  acceleration  forces  delivered  to  the 
heBd  and  neck  by  three  different  mechanisms.  The  first  applied  linear  impact  forces 
directly  to  the  calvarium  of  the  animal  approximately  through  the  center  of  gravity  of 
the  head  resulting  primarily  in  translational  motion  and  deformation  of  the  calvarium. 

The  second  mechanism  applied  angular  impact  forces  directly  to  the  calvarium  by  a device 
molded  to  the  calvarium  which  forces  the  head  through  45°  of  forward  flexion.  The  third 
mechanism  applied  impact  forces  indirectly  to  the  head  and  neck  by  acceleration  of  the 
entire  animal  using  a pelvic-torso  restraint  in  which  the  head  and  neck  were  unrestrained. 
Low  level  - no  injury  experiments  to  high  level  - fatal  injury  experiments  were  accomplished 
by  each  mechanism. 

The  characteristic  cylindrically  symmetrical  central  nervous  system  lesion  results 
from  direct  linear  acceleration.  A radial  distribution  results  from  direct  angular 
acceleration.  The  most  extensive  lesions  for  indirect  impact  acceleration  experiments 
occur  at  the  atlanto-occipital  junction.  The  quality  and  severity  of  these  lesions  are 
dependent  upon  the  level  of  acceleration  applied.  The  possible  relation  of  these  injury 
patterns  to  the  mechanism  of  injury  in  humans  will  be  developed.  The  neuropathological 
procedures  necessary  to  conduct  these  evaluations  will  be  described. 

BACKGROUND 

In  a continuing  medical  research  program  designed  to  define  the  means  for  objective 
evaluation  of  crash  protective  and  escape  systems,  there  are  three  major  projects: 

A.  Measurement  of  the  living  human  kinematic  response  envelope  to  impact 
accelerations  in  up  to  27  different  vector  directions;  up  to  the  limit  of  voluntary 
tolerance  for  peak  acceleration,  rate  of  onset  of  acceleration,  and  duration  at  peak 
acceleration;  and  with  three  different  sizes  of  human  volunteer  subject  covering  the  range 
of  3rd  through  90th  percentile  of  sitting  height  relative  to  the  U.S.Navy  anthropomorphic 
survey  of  19S5. 

B.  Derivation  of  performance  specifications  for  human  analogues  from  these  data, 
and  development  of  those  analogues,  including  mathematical  models  and  a family  of 
dummies,  and 

C.  Definition  of  that  portion  of  the  human  kinematic  response  envelope  which  is 
injurious,  using  primate  models,  so  that  a human  injury  model  can  be  developed. 

The  research  reported  here  is  a portion  of  project  C.  As  part  of  this  project, 
primates  are  fitted  with  both  inertial  and  physiological  instrumentation;  first  to 
measure  the  kinematic  response  and  then  to  measure  the  physiological  response  to  the 
kinematic  response.  The  determination  of  the  neuropathological  cause  of  the  neuro- 
physiological response  completes  the  evidentiary  chain  from  inertial  input  to  the  tissue 
injury, 

PREVIOUS  WORK 

The  pathomorphological  findings  of  a large  series  of  animals  which  were  subjected 
to  acceleration  levels  in  the  +Gz  and  the  +Gx  vectors  by  direct  impact  to  the  head  with 
intensities  which  extended  from  subconcussive  to  lethal  intensities  were  described 
previously  (1,2,3)  , 

Unterharnscheidt  and  Higgins  carried  out  carefully  controlled  studies  of  non- 
deforming  head  angular  acceleration  using  squirrel  monkeys  undergoing  flexion  of  the  head 
and  neck  through  45°  (4,5,6). 

Acceleration  of  the  head  may  be  translational  (linear)  or  angular  in  nature. 
Translational  acceleration  is  produced  in  a body  if  the  resultant  of  the  applied  forces 
passes  through  the  center  of  gravity  of  the  body.  If  the  applied  force  system  does  not 
go  through  the  center  of  gravity,  acceleration  is  produced.  For  the  head,  attached  as  it 
is  to  the  neck,  any  prolonged  translational  acceleration  would  lead  eventually  also  to 
angular  acceleration.  • 

In  addition  to  these  accelerations  which  may  be  thought  of  as  steady-state  whole- 
body  effects  the  blow  also  produces  waves  of  compression  which  propagate  through  the  skull 
and  eventually  develop  a highly  transient  but  very  complicated  stress  pattern,"  This 
process  is  further  complicated  by  differences  in  the  propagation  characteristics  of  the 
skull  and  the  brain.  In  any  local  stresses  in  the  developed  stress  pattern  exceed  the 
level  of  tolerance  of  the  tissue.  At  that  point  presumably  lesions  will  be  produced,  or 


some  form  of  tissue  damage  will  occur. 

Translational  acceleration  was  administrated  from  above  (Impact  direction  \l 
according  to  SPATZ  1950)  using  the  concussion  gun  described  by  FOLTZ  et  al.(7). 
ft  single  impact  of  subcommotlo  strength,  at  b speed  of  7,1  m/sec,  resulting  in  a peak 
o F 20§  g,  imparted  to  the  freely  movable  head  of  a cat,  caused  neither  behavioral  nor 
histologic  changes  In  the  CNSj  whereas  repeated  Impacts  of  the  same  intensity,  without 
causing  primary  traumatic  lesions,  did  produce  secondary  traumatic  alterations  due  to 
circulatory  disturbances.  Lesions  in  the  cerebel lum  included  scattered loss  of  Purkinje 
cells  (especially  at  the  summits  of  the  lobuli  of  the  vermis),  proliferation  of  Berg- 
mann's  glia,  thinning  of  the  granular  cell  layer  with  glialreaction,  and  glial 
proliferation  in  the  striBB  medullares  and  white  substance.  Alterations  in  the  cerebrum 
were  less  severe;  they  consisted  of  disseminated  ischemic  nerve. cells  and  a moderate  glial 
proliferation  In  the  white  substance. 

Impacts  of  concusslve  (commotio)  strength,  l,e,,  producing  the  clinical  symptoms  of 
cerebral  concussion  in  cats,  namely  unresponsiveness,  have  a velocity  of  8. 3-9. 4 M/sec, 
resulting  in  peak  accelerations  of  280-400  q.  After  one  such  impact,  the  histologic 
alterations  prove  to  be  traceless  with  the  methods  of  investigation  used  to  that  time. 

We  found,  in  particular,  no  evidence  for  glial  cell  proliferation.  However,  after 
repeated  impacts  of  equal  intensity  and  intervals  of  one  to  two  days,  the  cerebral  cortex 
showed,  in  addition  to  scattered  Ischemic  nerve  cells,  extensive  focal  and  pseudolaminary 
, necroses  of  the  parenchyma  and  loss  of  nerve  cells  In  various  parts  of. the  Ammon's  horn 
formation.  Tissue  alterations  in  the  cerebellum,  although  less  intense,  corresponded  in 
quality  to  those  caused  by  successive  impacts  of  s'ubcommotio  strength. 

It  follows  that  blunt  impacts  of  intensities  that  do  not  cause  noticeable  tissue 
alterations  when  applied  singly  may  elicit  secondary  alterations  due  to  circulatory  dis- 
turbances when  applied  successively  in  repeated  experiments.  A sustained  permanent  brain 
injury  can  therefore  result  from  secondary  lesions  alone,  with  no  primary  traumatic 
alterations  present  at  all.  The  time  interval  between  impacts  has  a distinctive  influence 
on  the  nature  of  the  morphologic  alterations. 

Considerable  primary  traumatic  lesions  are  produced  by  impacts  with  a velocity  of 
10.5  m/sec  or  more,  which  produce  peak  accelerations  of  A00  q or  more.  In  all  instances 
there  were  subarachnoid  and  subdural  hemorrhages,  so-called  cortical  contusions  at  the  pole 
and  the  counterpole,  single  intracerebral  hemorrhages,  and  traumatic  necroses.  Speeds  of 
the  impacting  instruments,  of  17.2  and  18.3  m/sec  are  fatal  to  a cat.  Accelerations 
produced  by  these  impacts  were  not  measured  because  fractures  occurred  (1,2, 3, 8, 9). 

See  Table  in  reference  (10). 

Rotational  Acceleration.  Unterharnscheidt  and  Higgins  carried  out  carefully 
controlled  studies  using  24  squirrel  monkeys  (saimiri  sciureus)  undergoing  flexion  of  the 
head  and  neck  through  45°  (4,5,6).  The  equipment  used  in  these  studies  was  designed  by 
Higgins  and  Schmall  (11).  The  monkeys  were  subjected  to  rotational  accelerations  ranging 
from  101000  to  386000  rad/sec^.  The  result  was  a continuum  of  clinical  effects  from  no 
observable  signs  through  concussion  to  death.  See  Table  in  reference  (5). 

The  lowest  rotational  accelerations  employed  (101  000  - 150  000  rad/sec^)  caused 
apparently  no  primary  or  secondary  alterations  in  the  cerebrum.  However,  the  next  higher 
accelerations,  up  to  197  000  rad/sec^.  produced  in  10  of  13  animals  subarachnoid 
hemorrhages , combined  in  one  instance  with  primary  traumatic  hemorrhages  in  the  oculomotor 
nerve,  and  tears  and  avulsions,  malnly'of  veins  and  capillaries,  in  superficial  cortical 
layers  in  8 animals.  Accelerations  of  more  than  200  000  rad/sec^  caused  severe  primary 
traumatic  hemorrhages  in  the  cortex  and  white  substance.  Rotational  acceleration  of  more 
than  300  000  rad/sec'-  were  not  survived.  The  monkeys  subjected  to  these  extremely  high 
accelerations  were  the  only  animals  to  show  additional  hemorrhages  in  more  central  regions 
of  the  brain,  i.e.,  very  close  to  the  central  pivot. 

Nearly  all  the  animals  tested  showed  small  rhectic  hemorrhages  in  various  segments 
of  the  spinal  cord.  Capillary  and  venous • hemorrhages  were  more  frequently  found 
disseminated  in  the  gray  substance  and  were  caused  by  longitudinal  end  transverse  stretch- 
ing of  ascending  and  descending  vessel  branches.  They  were  seen  in  all  segments  of  the 
cord.  These  lesions  were  not  fatal  and  produced  no  clinical  signs  in  the  animals.  In 
two  instances  a subdural  hemorrhage  was  found  in  the  cauda  equina. 

It  must  be  pointed  Dut  that  the  primary  traumatic  lesions  found  in  the  cortex  are 
venorhectic,  and  occasionally  arterio-  or  capillary  rhectic  hemorrhages  of  the  more 
superficial  cortical  layers,  as  evidenced  by  torn  vessel  walls.  Also,  these  hemorrhages 
are  always  associated  with  vessel  systems  running  at  right  angles  to  the  cortical  surface. 
See  Table  in  reference  (10). 

In  summary,  not  only  does  a qualitative  difference  exist  between  the  primary 
traumatic  cortical  hemorrhages  produced  by  rotational  acceleration  and  the  so-called 
cortical  contusions  found  in  translational  injuries,  Out  there  are  also  different  patterns 
of  distribution  for  the  primary  traumatic  lesions  encountered  in  both  tyoes  of 
acceleration,  inasmuch  as  these  lesions  are  arranged  in  a cy 1 Indr  leal 1 y symmetric  pattern 
after  translational  acceleration,  as  compared  to  a radially  symmetric  pattern  located  close 
to  the  midline  after  rotational  acceleration. 

Except  for  the  question  of  location,  these  considerations  seem  to  be  valid  also  for 
the  interpretation  of  findings  in  the  spinal  cord,  although  correlations  are  not  as 

patently  manifest  here  as  they  are  in  the  brain.  Nevertheless,  the  relation  between 

severity  of  primary  traumatic  lesions  and  magnitude  of  acceleration  is  evident  throughout 
the  entire  CNS.  /.controlled  ! 

The  present  study  reports  on  a caref ui 1 y' series  of  experiments  with  whole  body  -Gx 
impact  acceleration  exposures  of  Rhesug  monkeys  with  completely  restrained  torso  but 
unrestrained  head  and  neck.  That  is,  the  animal  is  accelerated  backwards  tu'ith  the 

unrestrained  head  and  neck  undergoing  flexion.  Thus,  impact  acceleration  In  transmitted 

from  the  sled  to  the  torso,  end  then  indirectly  via  ttie  vertebral^  coiu'mn  to  title  head. 


EXPERIMENTAL  EQUIPMENT 

A 825.000  Pound  Thrust  Horizontal  Accelerator  with  sled, 
control  console  and  •ncloaed  environmentally  controlled  700-foot  track  at  NAMRLD  In  New 
Orltana  wbb  used.  This  can  Impart  200  0 to  the  lightweight  primate  sled. 

The  Inartlel  Data  Acouloltlon  System  samplea  24  channels  of  Inertial  dBta  at  2000 
aamplaa/aec/channel , digitizes  It,  and  stores  the  digitized  data  In  magnetic  discs  in 
real  time. 

The  Physiological  Data  Acquisition  System  is  designed  to  acquire  EEG,  ECO, 
somatosensory  evoted  potential  and  respiration,  for  16  channels  via  FM/FM  telemetry  with 
a maximum  band  width  of  DC  - 100  Hz. 

The  Photographic  Data  Requisition  System  includes  sled  and  laboratory  mounted 
cameras,  lights  and  control  console,  as  well  as  phototBrget  design,  necessary  to  obtain 
precise  3-dimensional  photographic  datB  of  primate  kinematik  response,  especially 
displacement.  A complete  description  Is  published  elsewhere  (12). 

The  Transducer  Monitoring  System  was  developed  for  primates  which  permits  precise 
determination  of  acceleration,  velocity  and  displacement  at  the  mounting  Bite, 
Transformation  of  the  data  to  coordinate  systems  fixed  in  the  anatomy  is  accomplished 
using  the  results  of  x-ray  anthropometry  which  measures  the  precise  three  dimensional 
spatial  position  of  the  instrumentation  coordinate  system  relative  to  the  head  anatomical 
coordinate  system.  A complete  description  is  published  elsewhere  (13).  The  head 
acceleration  was  measured  by  a rigidly  mounted  array  of  six  linear  accelerometers  locked 
to  an  implanted  pedestal  bolted  to  the  calvarium  capable  of  measuring  angular  and  linear 
acceleration  and  velocity  in  three  dimensions.  A complete  description  is  published 
elsewhere  (14^15,16). 

Sled  acceleration  was  also  measured. 

Two  different  types  of  restraint  systems  were  used,  namely  a rigid  moulded  one  and 
a harness  vest.  There  seems  to  be  no  difference  in  the  lesions  produced,  since  the  head 
and  neck  kinamatic  response  is  not  markedly  altered. 

EXPERIMENTAL  PROCEDURES 

Eleven  Rhesus  monkeys  were  subjected  to  sled  accelerations  ranging  from  10,3  to  158, 2G 
in  the  -X  vector.  Animals  No.  3912,  4099,  3146  and  3935  were  run  repeatedly  until 
severe  fatal  or  injury  occurred.  Subsequently  the  other  animals  were  run  only  once  in 
order  to  avoid  possible  cumulative  effects  of  multiple  runs.  The  results  of  the  injurious 
run  or  the  solitary  run  for  the  animals  run  once  are  listed  in  table  1, 

The  5 surviving  animals  were  sacrificed  after  different  survival  times.  One  of  these 
animals  was  so  severely  injured  (the  sled  acceleration  was  122. 9G)  that  it  had  to  be 
sacrificed  in  an  moribund  state  90  hours  after  the  run.  It  was  determined  that  this  was 
a threshold  cBse  of  medulla-cervical  injury  without  subluxation. 

Before,  during  and  after  the  acceleration,  epidural  EEG,  somatosensory  evoked 
potential,  and  ECG  were  recorded  pre,  during,  and  post  run.  Non-fatal  runs  were  followed 
periodically  with  these  neurophysiological  recordings.  These  data  will  be  reported 
separately. 

Pre  and  post  run  x-rays  of  the  entire  spine  were  performed. 

Maintenance  and  utilization  of  the  primates  was  under  the  direct  control  of  a 
specialist  in  laboratory  animal  medicine,  who  will  report  the  clinical  findings 
separately. 

PATHOLOGICAL  TECHNIQUE 

The  autopsy  report  has  to  show  not  only  the  cause  of  death,  but  bIso  a concise 
description  of  the  distribution  and  quality  of  the  tissue  alterations  in  brain  and 
spinal  cord  which  can  be  considered  the  morphological  end  states  of  the  applied 
mechanical  inputs.  This  requires  comprehensive  and  detailed  neuropathological  procedures 
which  are  not  ordinarily  undertaken. 

Techniques  for  removal  of  brain  and  spinal  cord  in  necropsies  vary  to  some  degree. 

But  in  order  to  describe,  evaluate,  qualify  and  compare  the  morphological  end  states  a 
standardization  of  the  techniques  used  is  a necessity,  as  outlined  earlier  (17). 

This  should  include,  but  not  be  limited  to,  a detailed  qross  and  microscopic 
examination  of  all  injured  organs,  exclusive  of  the  central  nervous  system,  which  will 
be  handled  separately  as  described  below.  It  should  also  include  a description  of  the 
status  of  both  common  and  internal  carotid  Brteries  and  both  vertebral  arteries.  In  case 
of  an  evident  injury  to  these  vessels,  the  entire  specimer  should  be  taken  out  and 
examined. 

In  these  experiments,  the  area  between  lower  medulla  and  upper  cervical  spinal  cord, 
that  la,  the  Btlanto-occipital  junction,  is  the  zone  of  the  most  extensive  stress.  The 
brain  and  spinal  cord  down  to  the  cauda  equina  must  be  removed  in  toto,  leaving  the 
unopened  spinal  dura  mater  on  the  specimen,  using  a posterior  incision  and  laminectomy. 

This  is  quite  important  because  the  level  of  the  cranio-cervical  junction  is  destroyed 
by  using  ordinary  autopsy  procedures. 

After  photography  in  black  and  white  and  color,  and  describing  the  brain  and  spinal 
cord,  a Spielmeyer  assortment  of  tissue  blocks  for  histological  examination  using 
different  staining  techniques  was  taken  and  processed  under  standardized  conditions. 

Serial  sections  of  brain  and  spinal  cord  were  processed  using  different  staining 
techniques.  The  histological  examinations  Bre  intended  to  determine  the  threshold  at 
which  partial  transactions  occur  and  the  levelB  which  will  be  tolerated  without  any 
structural  damage.  The  results  will  be  demonstrated  later.  The  entire  cervical  spine 
is  thoroughly  examined,  especially  the  alterations  in  the  bony  structures,  muscles, 
ligaments,  and  the  discs  , and  will  be  reported  In  detail. 


RESULTS 


Gross  Pathology 

A preliminary  report  of  these  findings  use  reported  elsewhere  (18), 

The  results  of  these  experiments  oen  be  expressed  in  terms  of  damage  to; 

A«  Central  nervous  system,  8,  Vascular  structures,  C,  Skeletal  system, 

A.  Central  nervous  system,  fit  ,120  - Gx  (sled),  complete  traumatic  transactions 
occurred  between  lower  medulla  end  upper  cervical  spinal  cord, 

B.  Vascular  system,  fit  120  - Gx  (sled),  the  vertebral  arterieB  were  ruptured  Bnd 
subsequent  subdural  and  subarachnoid  hemorrhage  occurred  at  the  base  of  the  brain  and 
around  the  spinal  cord,  extending  into  different  levels,  in  some  cases  into  the  cauda 
equina. 

There  were  two  subtypes  of  rupture  of  the  vertebral  arteries: 

(1)  The  more  frequent  injury,  in  which  both  vertebral  arteries,  and  in  a few 
Instances  the  basilar  artery  also,  were  completely  avulsed, 

(2)  The  less  frequent  injury  in  which  a separation  of  the  vertebral  arteries 
occurred  Immediately  above  the  foremen  magnum,  so  that  their  proximal  parts  remained 
intact  in  the  specimen  in  situ.  In  this  second  type  there  was  a - Oj  subluxation 
instead  of  an  atlanto-occipital  separation.  Since  the  cardiac  actions  in  these 
traumatically  transected  animals  continued  far  about  20  minutes,  relatively  large 
hemorrhages  developed  which  in  same  instances  became  spBce-occupying  lesions,  and  were, 
therefore,  termed  hematomas. 

In  no  case  did  a rupture  of  the  carotid  arteries  occur. 

Another  remarkable  finding  is  the  occurrence  of  subdural  hemorrhages  over  both 
cerebral  hemispheres  due  to  ruptured  bridging  veins.  Since  EEG  and  EGG  were  recorded 
in  the  cases  with  these  developing  and  expanding  hemorrhages,  interesting  insights  into 
the  neurophysiological  aspects  can  be  expected. 

C.  . Skeletal  system.  Two  types  of  lesions  of  the  cervical  spine  occurred: 

(1)  atlanto-occipital  aubluxationB  with  massive  dislocation  of  the  segments,  and  (2) 
in  one  case  only  a C-j  - Cg  subluxation.  Comparisons  of  the  pre-  and  post  run  skeletal 
x-rays  showed  no  fracture.  This  is  of  considerable  interest  because  the  lethal  Injuries 
were  all  soft  tissue  injuries.  This  indicates  that  the  use  of  x-rays,  in  the  absence 
of  autopsies  to  determine  injuries  in  cadaveric  research  of  this  type,  should  be 
interpreted  with  great  caution. 

A summary  of  force  inputs  and  gross  results  is  presented  as  Table  1. 

CONCLUSIONS 

As  we  have  shown  before,  each  vector  direction  of  the  input  acceleration  directly 
to  the  head  produces  a different  and  predictable  type  of  injury  in  regard  to  quality  and 
distribution.  This  was  demonstrated  in  the  experiments  where  the  linear  and  rotational 
acceleration  uas  translated  directly  to  the  head. 

The  specific  injury  pattern  in  -Gx  acceleration  transmitted  indirectly  to  the  head 
via  the  vertebral  column  consists  of  tissue  damage  at  the  zone  of  maximal  stress  at  the 
atlanto-occipitBl  junction,  and  of  Bubdural  hemorrhages  over  both  cerebral  hemispheres 
due  to  ruptured  bridging  veins  most  likely  as  the  result  of  rotational  acceleration. 

As  we  have  demonstrated  before  a neurophysiological  and  neuropathological  continuum 
from  no  lesions  to  severe  and  lethal  ones  can  be  demonstrated,  described  and  quantified. 

The  system  we  are  dealing  with  can  be  described  by  input-output  relationships.  Each 
effective  mechanical  input  to  the  head  and  neck  corresponds  to  a predictable  and  typical 
morphological  end  state. 
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DISCUSSION 


DR.  C.  WARD  (USA) 

Since  Involvement  and  rupture  of  the  vertebral  artery  Is  common  in  motorcycle 
accidents,  would  you  comment  on  the  injury  mechanism? 

AUTHOR'S  REPLY  (DR.  C.  EWING,  USA) 

The  mechanisms  of  injury  in  motorcycle  accidents  are  difficult  to  separate  out 
sometimes;  for  example,  helmets  sometimes  cause  injuries  in  motorcycle  accidents; 
sometimes  the  Injuries  are  due  to  direct  impact,  sometimes  due  to  indirect  impact. 
It  is  very  difficult  to  separate  out  the  specific  c tuses  of  a set  of  injuries  in  a 
motorcycle  victim.  We  are  interested  in  aviators,  and  there  are  several  instances 
where  Individuals  exposed  to  this  typ'>  of  acceleration  have  suffered  transections 
of  the  spinal  cord,  and  exhibit  intracranial  and  intrathecal  hemorrhages.  We  feel 
that  we  are  on  th_  (all  -f  ccmci h* end  ►‘'at  continuation  of  our  research  will 
provide  interesting  new  answers. 

AUTHOR'S  REPLY  (DR.  UNTERHARNSCHEIDT , FRG ) 

May  I continue  with  the  pathological  aspect.  First,  what  we  are  trying  to  do  for 
about  2R  years  is  to  deal  with  sadden  subtypes  of  injuries  with  definable  Impact 
vectors.  In  the  case  of  a motorcycle  rider  we  cannot  exactly  say  whether  there 
was  a direct  or  indirect  impact.  In  our  case  we  have  a model  and  these  ruptures 
and  transections  are  the  direct  result  of  overstretching  or  kind  of  sliding  motion. 
I have  seen  similar  cases  in  human  accidents.  I remember  two  race  drivers  who 
drove  at  very  high  speed  into  a barrier  at  the  Indianapolis  race  track.  We 
haven't  had  a complete  transection  similar  to  this  one  here  between  lower  medulla 
and  upper  cervical  spinal  cord.  A racing  driver  has  a A point  belt  comparable  to 
the  one  we  used  in  our  ani nal  experiments.  In  both  cases  the  over  stretching  and 
gliding  motion  leads  to  this  total  transection  of  the  spinal  cord  and  of  the  ver- 
tebral arteries;  partly  the  basilar  arteries  are  Involved  too.  I repeat  again  that 
in  no  case  the  carot.  i arteries  were  involved,  at  least  not  with  the  acceleration 
we  used.  Whether  the  carotid  arteries  get  Involved  at  higher  G leads  I don't  know. 

DR.  GILLINGHAIi  (USA) 

Regarding  the  practical  application  of  the  research  presented,  are  you  actively 
pursuing  development  of  protective  equipment  that  would  prevent  such  Injuries  as 
those  shown? 

AUTHOR'S  REPLY 

Protective  systems  were  designed  back  in  the  50's,  against  this  type  of  Injury, 
but  the  aviators,  absolutely  refused  to  fly  using  those  systems.  The  systems  were 
over-designed.  The  question  is  what  Is  a good  design,  when  do  you  provide  enough 
protection  but  not  too  much.  For  that  you  simply  have  to  have  first  the  Informa- 
tion about  human  kinematic  response,  the  response  magnitudes  which  will  be  injur- 
ious and  finally  a complete  mathematical  model  of  the  human  bedy.  This  combined 
Information  will  then  permit  you  to  evaluate  protective  systems  against  almost 
anything. 

DR.  VON  GIERKE  (USA) 

If  I may  add  a comment  here:  unfortunately,  a protective  system  for  one  type  of 
Impact  might  Increase  the  Injury  probability  for  another  type.  For  example,  a 
restraint  harness  to  prevent  impact  of  the  torso  with  cockpit  walls  at  relatively 
low  accelerations  might  make  the  neck  injuries  described  In  your  paper  at  high 
acceleration  levels  more  severe. 

DR.  E.  HENDLER  (USA) 

Work  Is  being  done  In  the  US  Navy  Air  Development  Center  on  effective  restraint 
systems  for  the  head  and  neck  and  many  of  the  people  here  are  probably  aware  of 
the  work  on  an  inflatable  restraint  system  that  will  encase  the  neck.  Prototypes 
of  this  system  are  being  tested  to  reduce  head-neck  motion  during  ejection.  This 
principle  could  be  extended  to  prevent  the  violent  motions  discussed  here. 

AUTHOR'S  REPLY 

In  regard  to  your  comment,  I think  a restraint  system  connected  with  the  head  of 
the  pilot  could  avoid  a great  part  of  these  Injuries  here. 

DR.  VON  GIERKE  (USA) 

On  the  other  hand,  there  are  different  approaches  to  protection  one  can  take 
depending  on  the  situation.  In  our  air  bag  tests  with  n.onkeyc  we  were  not  able 
to  do  any  such  severe  Injury  to  them  and  at  least  theoretically  the  air  bag  is 
still  one  of  the  best  protection  principles  I am  aware  of. 


I would  like  to  comment  on  the  situation  which  was  the  starting  point  for  our 
experiments:  the  ditching  of  aircraft.  When  an  aviator  crashes  Into  the  water  at 
slow  to  medium  speeds,  stretching  of  the  neck  Is  believed  to  occur  and  the  helmet 
on  the  man's  head  makes  the  stretching  worse;  so  even  though  his  head  Is  protected 
by  the  helmet  against  direct  Impact,  he  Is  not  protected  against  the  additional 
weight  that  Is  put  on  his  head  by  the  helmet,  that  may  cause  his  neck  to  stretch 
more.  We  believe  that  stretching  of  the  neck  Is  associated  with  the  production  of 
concussion  or  stated  differently  changes  in  neurophysiological  function.  Our  next 
paper  is  to  report  our  researches  on  this  subject. 

AUTHOR'S  REPLY  (DR.  UNTERHARNSCHEIDT , FRO) 

I would  say  some  type  of  concussion.  There  are  different  types.  It  is  not  a 
cerebral  concussion,  but  a special  type  of  concussion  caused  by  stretching  of  the 
spinal  cord. 
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CORRUPTION  OF  HEAD  INJURY  WITH  MECHANICAL 
FORCES  8 AS ED  ON  HELMET  DAMAGE  DUPLICATION 

Bruce  Slobodnik,  LT,  Naval  Aerospace  Physiologist 
Bioengineering  and  Life  Support  Equipment  Division 
US  Army  Aeromedical  Research  Laboratory 
P.  0.  Box  577 

Fort  Rucker,  Alabama  36362 


SUMMARY 

Human  tolerance  to  head  impact  was  assessed  by  correlating  the  force  levels  required  to  duplicate 
damage  seen  in  14  SPM-4  aviator  helmets  etrieved  from  US  Army  helicopter  crashes  with  resulting  head 
injury.  The  data  obtained  were  used  to  validate  the  following: 

(a)  the  Wayne  State  University  Concussive  Tolerance  Curve; 

(b)  the  Severity  Index  value  of  1500  currently  used  in  the  US  by  the  National  Operating  Conrcittee  on 
Standards  for  Athletic  equipment  as  the  concussive  threshold  for  helmeted  head  impacts; 

(c)  the  Head  Injury  Criterion  value  of  1000  currently  used  in  the  US  by  the  Department  of  Transporta- 
tion in  occupant  crash  protection  tests  as  the  concussive  threshold  for  Impacts  to  the  unprotected  head; 

(d)  the  peak  accele.ution  value  of  400  G currently  used  by  the  US  Army  in  evaluating  aircrew  protec- 
tive headgear  as  the  survivable  limit;  and 

(e)  the  peak  transmitted  force  value  of  S000  lb  currently  specified  in  British  Standard  2496  as  the 
survivable  limit  for  helmeted  head  impacts. 

The  data  did  not  validate  the  values  stated  for  items  a,  b,  c or  e above.  The  peak  acceleration  value  of 
400  G appears  to  approximate  the  human  survival  limit  for  head  accelerations,  but  the  prudence  of  using  the 
survivable  limit  rather  than  the  head  injury  threshold  limit  as  a pass-fail  criterion  in  evaluating  aircrew 
helmet  performance  can  he  questioned.  Peak  transmitted  force  may  be  a more  effective  criterion  in  evaluating 
the  Impact  attenuation  performance  of  protective  headgear  than  is  peak  G,  SI,  or  HtC. 


INTRODUCTION 

One  of  the  limiting  factors  in  the  development  Of  effective  protective  headgear  has  been  an  Inadequate 
definition  of  human  tolerance  limits  to  head  impact.  Most  research  efforts  to  establish  these  limits  have 
been  confined,  necessarily,  to  animal  or  human  cadaver  studies.  Many  indices  of  head  injury  have  been  pro- 
posed, based  on  such  studies,  and  some  are  widely  used  by  a variety  of  organisations.  The  Wayne  State 
University  (WSU)  Cerebral  Concussion  Tolerance  Curve  published  In  1962*  served  as  the  basis  for  several  of 
these  indices,  in  particular,  the  Severity  Index  (SI)  and  the  Head  Injury  Criterion  (HIC).  The  WSU  Tolerance 
Curve  is  plotted  with  the  ordinal-  representing  the  average  acceleration  of  the  skull  measured  at  the  oc- 
cipital bone  for  Impacts  of  the  forehead  against  plane,  unyielding  surfaces  while  the  abscissa  represents 
pulse  duration.  The  SI,  Eq.(l),  originally  described  by  Gadd',  is  currently  used  In  the  Uni.sd  States  by 
the  National  Operating  Committee  on  Standards  for  Athletic  Equipment  (NOCSAt)  in  the  evaluation  of  the 
imoact  attenuation  performance  of  football  helmets.1  An  SI  value  of  1500  is  used  as  a helmet  pass-fail 
criterion  because  it  is  assumed  that  this  value  represents  the  threshold  of  concussion  for  helmeted  head 
Impacts.  The  HIC,  Eq.(2),  as  defined  by  Chou' , is  currently  used  in  the  United  States  by  the  Department  of 
Transportation  (DOT)  in  Federal  Motor  Vehicle  Safety  Standard  No.  208*  for  occupant  crash  protection  tests. 

A HIC  value  of  1000  is  used  as  a pass-fail  criterion  for  automotive  designs  because  it  is  assumed  that  this 
value  represents  the  threshold  of  concussion  for  impacts  to  the  unprotected  head. 

SI  • / A2-5  dt 

A ■ resultant  acceleration  (G)  (11 

t • time  (sec) 


tj  « an  arbitrary  time  In  the  pulse 

t,  * for  a gfven  t,,  a time  in  the  pulse 
z which  maxtmlrts  the  HIC 


a ■ resultant  acceleration 


In  addition  to  the  mathematically  derived  values  of  SI  and  HIC,  two  other  indices  of  head  injury  in 
current  use  are  directly  measurable  parameters  of  head  impact.  One  index  is  peak  acceleration  and  the  other 
is  peak  transmitted  force.  The  modified  ANSI  Z90.1-19716  method  currently  used  by  the  US  Army  (Military 
Specification  MIL-H-439257 ).  for  evaluating  the  impact  attenuation  performance  of  prospective  aircrew  helmets 
relies  primarily  on  peak  acceleration  as  a helmet  pass-fail  criterion,  A candidate  helmet  is  attached  to  an 
instrumented  metal  headform  and  dropped  from  a height  yielding  70  ft  lb  of  input  energy  onto  a 1.9  inch 
radius  steel  hemisphere.  Helmets  which  prevent  the  peak  acceleration  experienced  by  the  headform  in  such 
impacts  from  exceeding  400  G meet  the  US  Army  standard  for  impact  performance.  It  is  assumed  that  peak 
accelerations  of  400  G are  survivable  for  helmeted  head  impacts.  Studies  reported  by  Snively*  and  Searingen’ 
support  this  assumption.  British  Standard  2495:1960ll!  relies  on  peak  transmitted  force  in  evaluating  the 
impact  attenuation  performance  of  protective  helmets.  A value  of  5000  lb  is  specified  as  a helmet  pass-fail 
criterion  because  that  value  is  assumed  to  represent  the  limit  for  survivability  for  head  impacts. 

In  1972  the  US  Army's  establishment  of  the  life  Support  Equipment  Retrieval  Program  provided  a unique 
opportunity  to  directly  research  human  tolerance  to  head  impact  and  to  validate  head  injury  indices  such  as 
those  previously  discussed.  Since  1972,  helmets  involved  in  Army  aircraft  accidents  worldwide  have  been 
retrieved  for  laboratory  analysis.  If  it  is  assumed  that  the  damage  seen  in  a retrieved  helmet  accurately 
reflects  the  forces  and  accelerations  experienced  by  the  wearer's  head  in  the  crash  situation,  then,  by 
duplicating  that  degree  of  damage  on  a similar  helmet  under  controlled  conditions,  those  acceleration  and 
force  levels  cun  be  identified.  By  comparing  acceleration  and  force  levels  to  resulting  head  injury,  human 
tolerance  limits  to  head  impact  can  be  defined. 

Out  of  170  SPH-4  helmets  received  through  the  retrieval  program,  14  were  selected  for  impact  damage 
simulation.  The  criteria  used  to  select  these  14  helmets  were:  (a)  helmet  damage  resulted  from  only  one 
impact  and  (b)  the  impact  was  not  a glancing  blow.  Therefore,  in  these  14  cases  all  head  injury  is  assumed 
to  have  resulted  primarily  from  translational  acceleration  and  to  have  resulted  from  a single  blow.  The 
centers  of  the  impact  locations  on  both  the  helmet  and  the  head  for  the  14  cases  selected  for  impact  damage 
duplication  is  summarized  in  Fig.  1.  The  impact  locations  shown  on  the  helmet  shell  are  precise;  those  on 
the  head  are  approximate  since  some  relative  movement  is  possible  between  the  helmet  and  head  during  the 
impact. 


Fig.  1.  Of  the  14  cases  studied,  six  were  frontal  impacts,  4 were  crown,  2 were  side,  and  2 
were  located  at  the  back  of  the  head.  The  center  of  each  impact  shown  on  the  hel- 
met is  precise;  those  on  the  head  are  only  approximate  since  some  movement  between 
helmet  and  head  is  possible  during  impact. 
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METHOD 

Spare  helmet  components  were  assembled  to  produce  several  duplicates  for  each  of  the  14  retrieved  hel- 
mets. Each  duplicate  helmet  was  prepared  so  that  Its  shell  thickness,  liner  thickness,  and  adjustment  of 
suspension  straps  matched  that  of  the  retrieved  helmet  as  closely  as  possible.  To  reproduce  the  damage  of 
a given  retrieved  helmet,  duplicates  for  that  helmet  were  attached  to  a modified  version  of  the  humanoid 
headform  specified  by  the  NOCSAE  for  evaluating  football  helmets.  As  shown  in  Fig.  2,  the  head-neck  connec- 
tion of  this  headform  was  modified  to  increase  its  adjustability  and  permit  mounting  on  the  standard  carriage 
assembly  specified  by  the  ANSI  Z90.1971  method.  A tri-axial  accelerometer  (Endevco  Model  2267C-750)  was 
positioned  at  the  headform’s  center  of  mass.  Its  signal  was  amplified  by  a signal  conditioner  (Endevco 
Series  4470)  and  fed  to  a Microtronics  three-channel  vector  analyzer.  The  vector  resultant  of  the  three 
accelerometer  signals  was  then  transmitted  to  a hybrid  computer  which  computed  the  values  of  peak  G,  SI,  and 
HIC,  Total  weight  of  the  headform  and  carriage  was  11  lb.  The  helmeted  headform  was  then  dropped  onto  an 
impacting  surface  whose  shape  had  been  selected  to  reproduce  the  type  of  damage  seen  on  the  retrieved  helmet. 
Some  helmets  required  a concave  Impact  surface  to  duplicate  the  area  of  compression  seen  in  the  foam  helmet 
liner.  These  concave  impact  surfaces  were  prepared  by  taking  an  iit^ression  of  the  helmet  shell  at  the 
Impact  site  using  dental  cement.  These  cement  impressions  were  then  used  as  impact  surfaces.  Three 
piezoelectric  load  washers  (Kisler  type  9021)  were  positioned  beneath  the  impact  surface  as  shown  in  Fig.  2. 


Fig,  2.  Damage  seen  in  retrieved  helmets  was  duplicated  by  attaching  a test  helmet  to  this 
instrumented  humanoid  headform  and  impacting  it  onto  a surface  of  appropriate  shape 
Peak  transmitted  force  was  measured  using  the  resultant  of  three  force  transducers 
located  beneath  the  impact  surface.  Drop  height  was  varied  until  the  best  damage 
duplication  was  achieved.  Peak  acceleration  was  measured  using  a tri-axial  accel- 
erometer mounted  at  the  headform’s  center  of  mass. 
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The  drop  height  was  varied  until  the  damage  produced  in  the  duplicate  helmet  matched  that  of  the  retrieved 
helmet.  Damage  was  assumed  to  have  been  duplicated  when  (a)  the  amount  of  bending  in  the  6 suspension  strap 
anchor  clips  was  duplicated,  as  shown  in  Fig.  3,  (b)  the  area  and  maximum  compression  of  the  foam  helmet  liner 
was  duplicated,  as  shown  in  Fig,  4,  and  (c)  the  degree  of  fracture  in  the  fiberglass  helmet  shell,  as  shown  in 
Fig.  5,  matched  that  of  the  retrieved  helmet.  Acceleration  vs  time  and  force  vs  time  traces  were  recorded  for 
each  Impact  as  shown  in  Fig,  6.  A description  of  head  injuries  associated  with  any  of  the  14  helmets  was 
obtained  by  reviewing  the  original  accident  reports  supplied  by  the  US  Army  Agency  for  Aviation  Safety.  All 
head  injuries  were  assigned  a severity  value  using  the  Abbreviated  Injury  Scale  (AIS). 


Fig.  3.  The  amount  of  bending  in  the  six  suspension  strap  anchor  clips  was  duplicated  for 
each  of  the  14  cases. 


Fig.  4,  Helmet  liner  damage  was  duplicated  by  matching  the  area  and  maximum  compression 
produced  in  the  text  helmet  liner  with  that  of  the  retrieved  helmet  liner.  Max- 
imum compression  was  duplicated  to  within  a few  thousandths  of  an  Inch, 


Fig.  5.  The  degree  of  fracture  in  the  fiberglass  helmet  shell  was  duplicated  for  those  cases 
in  which  shell  fracture  occurred. 
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Acceleration  vs  time  and  force  vs  time  traces  for 
the  14  cases.  Acceleration  and  force  traces  are 
synchronized  in  time.  Each  division  on  the  time 
axis  represents  4 msec.  The  initial  pulse  seen  on 
the  force  traces  of  cases  3.  9,  11,  and  8 represents 
the  helmet's  initial  contact  with  and  rebound  off  of 
the  impact  surface.  This  double  pulse  only  occurs 
in  crown  impacts  where  the  design  of  the  suspension 
and  retention  systems  allows  the  weight  of  the  hel- 
met to  produce  a slight  separation  between  helmet 
and  headform.  This  separation  permits  the  helmet  to 
rebound  independently  of  the  headform  upon  initial 
impact. 
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RESULTS  AND  DISCUSSION 

A description  of  head  injuries,  of  conditions  required  to  duplicate  helmet  damage,  and  of  the  data  re- 
corded for  each  of  the  14  cases  is  shown  in  Table  I,  The  low  incidence  of  penetrating  types  of  head  injuries 
among  US  Army  helicopter  crash  victims  appears  to  be  due  primarily  to  (a)  an  absence  of  sharp  rigid  cockpit 
surfaces  and  (b)  the  effectiveness  of  the  SPH-4  aviator  helmet  as  a load  spreading  device.  Only  three  of 
the  14  cases  required  an  impact  surface  to  duplicate  helmet  damage  whose  shape  was  more  severe  than  that  of 
a flat  surface.  In  only  one  case  {case  #5)  in  which  head  injury  occurred  did  the  injury  result  from  the 
impact  Surface  penetrating  through  the  helmet  shell.  However,  the  energy  absorbing  capacity  of  the  helmet 
appears  inadequate  based  upon  the  high  incidence  of  concussive  types  of  head  injuries  observed.  In  all 
eight  cases  involving  head  injury,  the  foam  helmet  liner  was  not  compressed  to  the  maximum  extent  possible. 
This  deficiency  can  have  disastrous  effects  as  seen  in  cases  4 and  6 where  basilar  skull  fracture  occurred  as 
a result  of  the  helmet  transmitting  rather  than  absorbing  the  impact  force.  Recent  in-house  studies  (un- 
published) have  shown  that  the  enerqy  absorbing  ability  of  the  helmet  can  be  more  than  doubled  by  simply 
increasing  the  thickness  and  decreasing  the  density  of  the  foam  helmet  liner. 

An  attempt  to  validate  the  WSU  Concussive  Tolerance  Curve  was  made  by  comparing  the  plots  of  average 
acceleration  and  corresponding  pulse  duration  for  each  of  the  14  cases  with  the  WSU  curve.  As  shewn  in  Fig. 
7,  the  WSU  curve  failed  to  predict  three  of  the  eight  cases  where  at  least  concussive  head  injury  occurred. 
The  WSU  curve  was  derived  from  acceleration  levels  required  to  produce  linear  fracture  in  the  frontal  bone 
of  unprotected  cadaver  heads.  Even  though  concussion  often  accompanies  linear  skull  fracture,  it  was  not 
surprising  to  find  concussion  occurring  at  subfracture  acceleration  levels  among  individuals  wearing  pro- 
tective headgear.  While  the  WSU  curve  may  reflect  human  tolerance  to  linear  skull  fracture,  it  can  be 
questioned  whether  or  not  it  accurately  reflects  human  tolerance  to  concussion. 


Fig.  7.  Average  acceleration  vs  pulse  duration  for  the  14  cases  plotted  with  t«a  WSU  Concussive 
Tolerance  Curve.  The  WSU  curve  failed  to  predict  three  of  the  eight  cases  where  at 
least  concussive  head  injury  occurred.  See  Table  1 for  a description  of  head  injuries. 


SI  values  were  calculated  for  the  acceleration  pulses  of  the  14  duplicated  cases  in  an  attempt  to 
validate  the  concussive  threshold  value  of  1500  used  In  the  US  by  the  NOCSAE.  As  shown  in  Fig,  8, 
cases  13,  5,  and  1 had  at  least  concussive  head  injuries  occurring  at  SI  values  of  123,  629,  and  1019 
respectively.  Case  13  probably  represents  the  lower  extreme  In  human  tolerance  to  concussion  (a 
"glass  Jaw"  type).  However,  it  can  be  questioned  whether  or  not  an  SI  value  of  1500  accurately  re- 
flect* the  concussive  threshold  for  individuals  with  average  concussive  tolerance. 

H1C  values  were  calculated  for  the  acceleration  pulses  of  the  14  duplicated  cases  in  an  attempt 
to  validate  the  concussive  threshold  value  of  1000  used  In  the  US  by  the  DOT.  As  shown  in  Fig.  9, 
casas  13,  5,  and  1 had  at  least  concussive  head  injuries  occurring  at  HlC  values  of  111,  553,  and  901 
respectively.  Again,  with  case  13  representing  the  lower  extreme  in  human  tolerance  to  concussion,  it 
can  be  questioned  whether  or  not  a HlC  value  of  1000  accurately  reflects  the  concussive  threshold  for 
an  individual  of  average  tolerance. 


basilar  skull 
fracture  with 
Subarachnoid 
hemorrhage,  fatal 
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Fig.  8.  Severity  Index  values  for  the  impact  best  duplicating  helmet  damage  for  each  of  the  14 
cases.  Solid  bars  represent  cases  in  which  head  injury  resulted  from  the  impact. 
Concussion  occurred  below  the  SI  value  of  1500  used  by  NOCSAE  as  the  concussive  thresh- 
old. See  Table  I for  a description  of  head  Injuries. 
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Fig.  9.  Head  Injury  Criterion  values  for  the  Imoact  best  duplicating  helmet  damage  for  each 
of  the  14  cases.  Solid  bars  represent  ases  In  which  head  Injury  resulted  from  the 
Impact.  Concussion  occurred  below  the  HIC  value  of  1000  used  by  O0T,  See  Table  I 
for  a description  of  head  injuries. 
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Peak  acceleration  values  for  the  14  cases  were  recorded  in  an  attempt  to  validate  the  400  G survivable 
limit  currently  used  ty  the  US  Army  as  a pass-fail  criterion  in  evaluating  the  impact  performance  of  pros- 
pective aircrew  helmets.  As  shown  in  fig.  10,  the  one  case  of  fatal  head  injury  (case  4)  occurred  at  a peak 
acceleration  value  of  415  G.  It  would  appear  that  the  pass-fail  criterion  turrently  used  by  the  US  Army 
accurately  reflects  the  limit  of  survivability  for  head  accelerations.  However,  its  use  permits  helmets  to 
be  selected  for  use  by  aircrewmen  which  for  the  most  part  prevent  death  in  crash  situations,  but  certainly 
do  not  prevent  coucussive  head  injury.  Considering  the  potentially  hostile  elements  which  may  be  experi- 
enced by  an  aircrewman  in  the  po..t  crash  environment  such  as  fire,  drowning,  and  capture,  the  injury  level 
permitted  by  the  current  US  Army  pass-fail  criterion  is  unacceptable.  Concussion  occurred  at  a peak  accel- 
eration value  as  low  as  73  G (case  13).  With  this  individual  representing  the  lower  extreme  for  human 
tolerance  to  concussion,  it  is  estimated  that  an  average  individual's  concussive  tolerance  for  helmeted  head 
accelerations  would  approximate  150  G.  This  tolerance  level  is  significantly  lower  than  that  reported  by 
Swearingen-*  who  duplicated  the  impact  conditions  involving  the  crash  of  a military  nelicopter.  He  reported 
that  the  pilot  involved  received  a frontal  head  impact  and  experienced  a peak  acceleration  of  435  G without 
sustaining  any  head  injury.  Even  though  differences  exist  between  individuals  in  their  tolerance  to  head 
impact,  it  seems  highly  unlikely  that  very  many  individuals  exist  who  could  withstand  head  accelerations  nf 
this  magnitude  without  experiencing  at  least  concussion.  As  snown  in  fig.  7,  the  peak  acceleration  associ- 
ated with  all  eight  cases  involving  head  injury  in  this  study  fell  below  435  G.  In  particular,  cases  6 and 
14  were  frontal  impacts  in  which  very  severe  head  injuries  resulted  (AIS  value  5)  from  pea*,  accelerations  of 
322  G and  355  G respectively. 

The  values  of  peak  transmitted  force  were  recorded  for  each  of  the  14  cases  in  an  attempt  to  validate 
the  value  of  5000  lb  currently  specified  in  British  Standard  2495  as  the  limit  of  survivability  for  helmeted 
head  impacts.  As  shown  in  fig.  11,  the  one  case  of  fatal  head  injury  occurred  at  a peak  transmitted  force 
of  2982  lb.  In  addition,  severe  head  injury  occurred  (AIS  value  5)  in  cases  6,  14,  and  1 at  peak  trans- 
mitted force  values  of  3839  lb,  3317  lb,  and  2246  lb  -espectively.  It  would  appear  that  a penk  transmitted 
force  value  of  5000  lb  exceeds  the  limit  of  survivability.  Depending  upon  the  location  of  the  head  impact, 
a peak  transmitted  force  value  of  between  3000  lb  and  4000  Id  would  see.  to  reflect  the  survivable  limit  for 
helmeted  head  impacts. 
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Fig.  10.  Peak  acceleration  values  for  the 
impact  best  duplicating  helmet 
damage  for  each  of  the  14  cases. 
Solid  bars  represent  cases  tn 
which  head  injury  resulted  from 
the  impact.  Head  injury  occurred 
at  peak  acceleration  levels  well 
below  400  G.  See  Table  I for  a 
description  of  head  injuries. 


Fig.  11.  Peak  transmitted  force  values 
for  the  impact  best  duplicating 
helmet  damage  for  each  of  the 
14  cases.  Solid  bars  represent 
cases  in  which  head  injury  re- 
sulted from  the  Impact.  Cases 
6,  14,  1,  and  4 had  an  AIS 
value  of  S with  rase  4 being 
fatal.  The  survivable  limit 
appears  to  be  between  3000-4000 
lb,  depending  upon  impact  foca- 
tiun,  rather  than  5000  lo  per- 
mitted by  British  Standard  2495. 
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A stepwise  regression  analysis  of  the  Impact  data  was  performed  to  determine  the  ability  of  each  of'  the 
head  Injury  Indices  shown  in  Table  II  to  estimate  the  AIS  values  assigned  to  the  14  cases,  tacit  head 
injury  Index  was  first  analysed  separately  as  an  estimator  of  AIS  values.  The  standard  error  of  estimating 
the  AIS  values  for  each  head  injury  Index  was  used  as  an  indicator  to  rank  the  indices  in  their  ability  to 
estimate  AIS  values,  The  lower  the  standard  error  for  a given  index  the  more  accurately  it  estimated  the  14 
AIS  values.  Table  11  shows  the  four  head  Injury  indices  ranked  in  decreasing  ability  to  estimate  AIS 
values.  Peak  transmitted  force  was  the  best  estimator  of  the  severity  of  head  injury.  The  four  indices 
were  then  analysed  Jointly  to  determine  to  what  extent  each  index  contributed  to  the  variance  seen  in  the 
AIS  values.  These  results  are  also  shown  in  Table  II,  Peak  transmitted  force  accounted  for  a dramatic  76% 
of  the  verience.  Ho  other  Injury  Index  contributed  significantly  to  the  variance,  These  results  suggest 
that  peak  transmitted  force  might  be  more  effective  as  a criterion  for  evaluating  helmet  Impact  performance 
than  peak  G»  SI,  or  HIC,  Glalster"  attributed  the  poor  correlation  between  peak  transmitted  force  and 
severity  of  head  Injury  that  he  reported  to  a headform  whose  responso  to  Impact  did  not  accurately  reflect 
human  head  response.  This  underlines  the  Important  role  headform  design  plays  when  research  into  human 
tolerance  limits  to  head  Impact  is  conducted.  Metal  Headforms  arc  of  little  value  in  this  area, 

TABLE  II.  FOUR  HEAD  INJURY  INDICES  AS  ESTIMATORS  OF  AIS  VALUES 


Variable 

(head  Injury  index) 


Contribution  to  Variance 
In  AIS  values 
Rs  Increase  in  RJ 
(*)  (*) 


Standard  Error  of  Estimate 
when  a given  head  injury 
index  was  used  separately 
to  estimate  AIS  values* 


Peak  transmitted  force 

76,0 

76.0 

1.105 

Peak  acceleration 

80.0 

4.0 

,*  1.224 

Severity  Index 

83.5 

3.5 

* 1 . 259 

Head  Injury  Criterion 

84.2 

<1 

;t  1 . 262 

♦Using  the  linear  regression  model: 

where 
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'J  ■ b0  * Vtj  ‘ "I 

yj  » AIS  value 

x^j  • a given  head  Injury  Index 

j » 1,  2,  •••.  14 

1 « 1.  2,  3,  4 


The  data  obtained  from  duplicating  the  damage  seen  In  14  SPH-4  helmets  retrieved  from  US  Army  helicopter 
crashes  did  not  validate  concusslve  threshold  levels  or  survlvable  limits  currently  used  in  conjunction  with 
the  five  head  Injury  indices  discussed.  Concussion  can  occur  below  the  limits  specified  by  the  WSU  Con- 
cusslve Tolerance  Curve.  Concussion  can  also  occur  below  SI  values  of  1500  and  below  HIC  values  of  1000 
which  are  the  concusslve  threshold  values  currently  used  in  the  US  by  the  NOCSAE  ami  the  DOT  respectively. 
Fatal  head  injury  can  occur  below  a peak  transmitted  force  value  of  5000  lb  which  is  currently  used  as  the 
survlvable  limit  for  hclmeted  head  Impacts  as  specified  in  British  Standard  2495.  To  bo  effective  in  selec- 
ting aircrew  helmets  which  will  prevent  concusslve  head  Injuries  from  occurring  in  survlvable  helicopter 
crashes,  the  pass-fail  criterion  of  400  G currently  used  by  the  US  Army  should  be  reduced  to  at  least  150  G, 
While  the  SPH-4  aviator Jiolmet  adequately  protects  against  penetrating  types  of  head  Injury,  its  energy 
absorbing  qualities  do  not  adequately  protect  against  concusslve  head  Injuries.  The  severity  of  Impact, 
surfaces  encountered  by  US  Army  alrcrewmen  In  survlvable  helicopter  crash  situations  seldom  exceeds  that  of 
a flat  surface.  Peak  transmitted  force  may  be  a more  effective  criterion  In  evaluating  the  Impact,  attenua- 
tion performance  of  protective  headgear  than  Is  peak  G,  SI,  or  NIC. 
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DISCUSSION 


DR.  E.  HENDLER  (USA) 

When  the  helmets  are  dropped  are  they  dropped  from  higher  and  higher  heights  until 

you  duplicate  the  damage? 

AUTHOR'S  REPLY 

Yes,  that  is  correct,  except  the  same  helmet  is  not  dropped  more  than  one  time. 
There  are  several  duplicates  made  for  each  test.  New  helmets  are  dropped  each 
time  from  different  heights  until  by  trial  and  error  the  exact  damage  is  repro- 
duced. 

WINO  COMMANDER  D.  Q.  GLAISTER  (UK) 

The  5,000  pound  transmitted  force  limit  used  in  the  former  BS  2495  is  a pass/fail 
load  for  routine  batch  testing  of  helmets.  Any  manufacturer  who  wishes  to  avoid 
the  loss  of  large  fractions  of  his  production  must  design  to  a much  lower  figure, 
probably  of  the  order  of  3*500  lbs.  This  appears  to  correspond  better  with  your 
findings. 

AUTHOR'S  REPLY 

Yes.  I agree. 
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THE  EFFECT  OF  IMPACT  ACCELERATION  ON  THE  ELECTRICAL  ACTIVITY  OF  THE  BRAIN 

Marc  S.  Weiss,  Ph.D.,  Neurophysiologist 
Michael  D.  Berger,  Ph.D.,  Assistant  Neurophysiologist 

Naval  Aerospace  Medical  Research  Laboratory  Detachment  (NAMRLD) 
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New  Orleans,  Louisiana  70189 


SUMMARY 

In  a series  of  pilot  experiments,  eight  Macaca  Mulatto  with  chronically  implanted  cortical  recording  electrodes  were 
tested  using  a range  of  -X  impact  accelerations.  Both  EEG  and  somatosensory  evoked  potential  (SEP)  data  were  collected 
and  analyzed.  The  results  suggest  that  for  the  peak  acceleration  levels  used  (281  m/$‘  to  1550  m/fi)  the  SEP  is  a more 
sensitive  index  of  the  inertial  load  on  the  brain  than  is  the  EEG.  In  particular,  the  duration  of  changes  in  shape  of  the 
early  part  (less  than  100  ms  latency)  of  the  SEP  is  monotonically  related  to  the  peak  sled  acceleration.  This  has  important 
implications  for  the  physiological  monitoring  of  human  subjects  in  impact  acceleration  experiments. 


INTRODUCTION 

One  of  the  major  aspects  of  the  impact  acceleration  research  at  the  Nava)  Aerospace  Medical  Research  Laboratory 
Detachment  in  New  Orleans  is  an  attempt  to  discover  the  neurophysiological  mechanisms  underlying  concussion  resulting 
from  an  indirect  inertial  input  to  the  head.  Concussion,  for  the  purposes  of  this  discussion,  will  be  defined  as  a condition 
of  impaired  brain  function  due  to  a transient  inertial  input  to  the  head  and  neck  structure.  By  relating  neurophysiological 
events  to  the  measured  he  ad- neck  dynamic  response,  the  important  mechanical  parameters  can  be  determined  and  used  in 
developing  appropriate  mathematical  and  mechanical  models.  In  particular,  a goal  of  this  research  effort  is  the  development 
of  an  impact-injury  model  for  restrained  humans  in  a simulated  crash  environment.  The  steps  in  the  development  of  such  a 
model  can  be  briefly  summarized  as  follows: 

1 . Select  animal  model. 

2.  Identify  appropriate  Injury  criteria. 

3.  Obtain  reliable  data  over  wide  range  of  impoct  force. 

4.  Develop  animal  impact-injury  model . 

5.  Extend  data  to  include  human  results. 

6.  Develop  animal  to  human  scaling  criteria. 

7.  Extend  impact-injury  model  to  humons. 

The  results  reported  here  are  from  the  firs>  of  a series  of  experiments  designed  to  complete  steps  1-4. 

For  our  animal  model  we  have  selected  male  adult  rhesus  (Macaca  Mulatto)  weighing  approximately  10  kilograms.  The 
injury  criteria  we  use  fall  into  two  categories:  long-term  or  permanent  brain  Injury  and  short  term  or  transient  brain  dysfunction. 
Long-term  injury  is  characterized  by  persistent  (over  several  days)  changes  in  brain  electrapbyiiology,  clinical  symptomatology 
or  identifiable  neuropathology  resulting  from  the  impact  event.  Transient  dysfunction  is  identified  by  brief  (less  than  24  hours) 
changes  in  brain  electrophysiology  or  clinical  symptomatology. 

Data  were  obtained  from  animals  subjected  to  Impoct  forces  In  the  -X  direction  ranging  from  281  m/i^  to  1 550  m/i^, 
Electrophytiological  and  inertial  data  were  collected.  To  assess  brain  fcmctlon,  we  have  chosen  to  examine  parameters  de- 
rived from  the  measurement  of  the  electroencephalogram  (EEG)  and  the  somatosensory  evoked  potential  (SEE).  It  Is  important 
that  similar  measurements  can  be  obtained  from  our  human  subjects,  so  that  the  remaining  steps  as  outlined  above  can  be 
completed . 


METHODS 

Eight  adult  male  Macaca  Mulatto  ranging  in  weight  from  nine  kilograms  to  twelve  kilograms  were  used  at  subjects  In  a 
total  of  1 3 experiments.  Each  had  six  epidural  stainless  rteel  recording  screws  (4  milometers  In  diameter)  implanted  in  the 
dtull  located  approximately  ns  indicated  In  Figure  I , Wires  attached  to  these  t crews  were  brought  toon  external  connector, 
anchored  into  the  skvll  using  dental  acrylic.  Fixation  herdwae  far  heod  accelerometers  and  photographic  targets  were  also 
Implanted  In  each  of  the  subjects.  Several  months  elapsed  between  the  surgery  and  the  Impact  acceleration  experiments  In 
order  to  allow  bone  to  regrow  so  that  the  head  Implant  would  remain  secure  under  extreme  inertial  loads.  In  each  experiment 
the  subject  wot  restrained  in  custom  fitted  fiberglass  couch  which  permitted  freedom  of  motion  (at  the  head  and  neck , Phys- 
iological data,  consisting  o#  four  channels  of  EEG  and  SIP  Information  ond  three  channels  of  vector  cardiographlc  information 
ware  recorded  far  approximately  30  minutes  prior  to  the  impact  event  and  for  30  minutes  following.  Far  four  of  the  subjects, 
follow-up  recordings  of  physiological  date  were  made  24  and  48  hours  post-impact. 

The  recorded  neurophysiological  data  ware  telemetered  through  on  amplifying  system  with  a nominal  gain  and  bandpass 
of  40, 000  and!  -100  Hz—  tdl,  respectively,  ond  recorded  on  analog  tape.  During  the  recording  of  the  data  In  all  but 
four  of  the  experiments,  Ilia  subject's  median  nerve  was  stimulated  by  brief  electrical  pulses  (.1  millisecond  duration)  deliv- 
ered to  the  Ain  near  the  right  wrist,  Stimulus  intensity  was  adjusted  to  determine  the  threshold  for  a thumb  twitch  and  then 
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set  to  o level  which  produced  good  SEP's  os  monitored  on  a storage  oscilloscope.  The  actual  intensity  used  ranged  from  4 to 
8 mtlliamperes  ond  was  presented  at  on  interval  of  one  every  two  seconds  except  for  experiments  LX  1364  and  LX  1365  in 
which  a rote  of  one  every  three  seconds  was  used.  In  most  of  the  experiments  in  which  median  nerve  stimulation  was  used, 
the  stimulus  was  presented  for  periods  of  five  to  ten  minutes  separated  by  three  to  five  minute  intervals  of  nr>  stimulation. 

This  permitted  collection  of  periods  of  continuous  EEG  data  free  of  evoked  potentials. 

The  physiological  data  were  played  back  after  the  completion  of  a series  of  experiments  and  digitized  using  an  EAI  Pacer 
600  computer.  The  data  were  sampled  at  rates  from  400  to  850  samples  per  second,  depending  on  the  experiment.  The  digi- 
tized data  were  output  on  tape  and  then  processed  ot  the  NASA  Slidell  Computer  Center  on  a Univac  1108  system.  In  ad- 
dition to  the  physiological  data,  the  stimulus  even:  rr.  ,er  was  also  digitized  and  provided  a time  reference  for  the  EEG 
and  SEP  analysis.  This  analysis  was  done  using  softy  ar«  developed  by  the  authors. 


data  ANALYSIS 

The  data  analysis  wo;  carried  out  independently  for  the  EEG  and  SEP  data.  In  order  to  analyze  EEG  data  collected 
during  median  nerve  stimulation,  approximately  one  second  of  data  immediately  following  each  stimulus  was  discarded.  In 
the  absence  of  median  nerve  stimulation  all  the  EEG  data  were  used,  A general  purpose  time  series  analysis  program  computed 
averaged  power  spectral  density  estimates  from  these  data.  Raw  spectral  estimates  were  made  using  one  to  two  second  inter- 
vals of  data  and  five  of  these  were  averaged.  Each  spectral  estimate  thus  represented  five  to  ten  seconds  of  dota  and  this 
was  the  basic  time  resolution  of  the  EEG  analysis.  From  these  spectra  ten  parameters  were  computed.  These  parameters 
were  1)  Total  EEG  power  ond  2)  Percentage  EEG  power  in  each  of  the  five  spectral  bands:  0 - 4 Hz  (Delta);  4 - 8 Hz 
(Theta);  8 - 12  Hz  (Alpha);  12  - 16  Hz  (Sigma);  16  - 32  Hz  (Beta).  Figure  2 illustrates  for  one  experiment  a plot  of  the  EEG 
power  in  each  of  the  spectral  bands  as  a function  of  time. 

In  addition  to  the  ten  spectral  parameters,  spectral  moments  were  estimated  using  zero-crossing  techniques.  This  measure 
reflects  the  relative  distribution  of  EEG  spectral  energy  as  a function  of  frequency.  Increase  in  the  2nd  and  4th  moments 
indicates  a shift  in  energy  from  low  fiequency  to  higher  frequencies.  Also,  a variety  of  statistical  parameters  based  on  the 
EEG  amplitude  distribution  were  also  measured.  These  parameters  yielded  no  additional  useful  information. 

Analysis  of  the  SEP  doto  was  based  on  the  computation  of  averaged  SEP's  (ASEP).  Data  immediately  preceding  ond 
following  each  of  ten  sequential  median  nerve  stimuli  were  averaged,  using  standard  computational  procedures. 

This  resulted  in  a series  of  ASEP's  each  representing  approximately  20  seconds  of  data.  Figure  3 illustrates  selected 
ASEP's  computed  for  one  experiment  immediately  preceding  ond  following  the  impact  event. 

A variety  of  computerized  measurements  were  made  of  the  ASEP's  and  these  derived  measures  were  used  to  assess  the 
effects  of  impact  on  the  SEP.  Two  measures  in  particulcr  appeared  to  be  of  value.  One  is  an  amplitude  measure,  the  root 
mean  square  (RMS)  value  of  the  ASEP  computed  for  the  post-stimulus  interval  of  five  to  100  milliseconds.  In  the  data  dis- 
cussed here,  this  is  considered  the  "early''  component  of  the  ASEP.  The  second  measure  is  o shape  measure  and  compli  ients 
the  first.  This  is  the  "pre-impact  correlation"  and  uses  the  ASEP  computed  from  all  the  pre-impact  data  z*  o reference  wave- 
form. A Pearson  product-moment  correlation  coefficient  it  then  computed  point  for  point  between  the  eorlv  component  of  the 
reference  waveform  and  the  eorly  component  of  each  (ten  stimulus)  ASEP.  Both  measures  can  be  plotted  as  a function  of  time 
relative  to  the  impact  event  ond  Figure  4 illustrates  this  far  the  same  data  shown  in  Figure  3. 

RESULTS 


TABLE  I SUMMARY  OF  SEP  & EEG  RESULTS  (Channel  1 - Figure  I) 


Peck  Sled 

Duration  of  EEG 

Duration  of  SEP  Changes 

Clinical 

Run  No. 

Subject 

Acceleration 

Ratio  Changes 

RMS 

Shape 

Symptoms 

(m/i2) 

(sec) 

(sec) 

(tec) 

LX  656 

A03146 

281 

29 

118 

99 

NONf 

LX  1364 

A03921 

361 

71 

199 

28 

NONE 

LX  654 

A03146 

502 

20 

353 

137 

NONE 

LX  659 

A03146 

553 

59 

490 

98 

NONE 

LX  1892 

A03948 

816 

38 

NO  DATA 

NONE 

LX  1891 

A03943 

820 

13 

NO  DATA 

NONE 

LX  1359 

A 04099 

1047 

99 

238 

139 

NONE 

LX  660 

A 03 I 46 

1052 

137 

196 

235 

NONE 

LX  1894 

A0392I 

1062 

26 

NO  DATA 

NONE 

LX  657 

A03146 

1065 

10 

177 

197 

NONE 

LX  1365 

A03921 

1065 

— 

— 

.. 

FATAL 

LX  1893 

A03924 

1080 

16 

NO  DATA 

NONE 

LX  1363 

A03935 

1205 

218 

x 1200 

297 

SEVERE' 

LX  1360 

A0499 

1256 

mm 

— 

— 

FATAL 

LX  661 

A03146 

1550 

Me 

mm 

— 

FATAL 

"Marked  neurological  and  cardiac  dysfunction,  progressive  deterioration,  sacrificed  90  hours  post-impact. 
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Tabic  1 summarizes  the  most  important  findings  from  this  set  cf  pilot  experiments.  Far  the  EEG  data,  values  of  all 
parameters  measured  immediately  post-impact  were  compared  to  the  pre-impact  values  using  both  a t-test  and  a graphical 
median  measure.  The  t-test  results  were  statistically  insignificant,  based  on  the  graphical  procedures,  the  most  useful 
parameter  was  the  ratio  of  the  power  in  the  Delta  band  to  the  total  power  in  the  non-Delta  bonds.  The  results  listed  in 
Table  1 were  obtained  by  measuring  the  time  the  post-impact  Delta/non-Delta  ratio  exceeded  the  pre-impact  median  level 
of  the  ratio.  The  median  was  computed  using  three  minutes  of  data  immediately  preceding  the  impact  event.  As  Table  1 
indicates,  these  results  are  mixed  and  inconsistent.  In  general,  the  EEG  changes  seemed  to  reflect  an  overall  transient 
decrease  in  total  power,  possibly  indicating  an  increased  level  of  behaviorol  arousal  due  to  the  impact. 

Similar  procedures  were  used  for  the  SEP  data.  The  early  component  RMS  and  correlation  parameter  measured  immedi- 
ately post-impact  was  compared  to  the  median  value  of  alt  the  pre-impact  measurements.  The  time  which  the  post-impact 
results  took  to  return  to  their  pre-impact  median  level  was  determined  and  related  to  the  measured  peak  sled  acceleration. 

The  RMS  amplitude  measure  shows  an  effect,  but  as  is  the  case  far  the  EEG  results  these  ate  incon-.istently  related  to  sled 
acceleration.  The  correlation  shape  measure,  on  the  other  Hand,  showed  a strong  monotonic  relationship  to  sled  acceleration. 
The  correlation  between  the  duration  of  the  shape  change  and  the  slec  acceleration  is  significant  at  the  .02  level  (r=0. 85) . 
This  is  illustrated  in  Figure  5,  where  the  best  lineor  fit  to  the  data  is  shown. 


CONCLUSION 

It  appears  that  in  the  unanesttvetized  adult  rhesus,  the  shape  of  the  earl)  (latency  leu  than  100  ms)  portion  of  the 
SEP  is  the  most  sensitive  correlate  of  the  sled  acceleration,  among  all  the  measures  of  brain  electrical  activity  that  we  have 
investigated.  The  EEG  and  SEP  amplitude  are  far  more  variable  and  inconsistent  measures.  In  terms  of  concussive  type 
injury  at  the  acceleration  levels  reported  here  except  for  the  one  clear  long-term  result  (LX  1363)  one  may  tentatively 
infer  the  possibility  of  short-term  brain  dysfunction  increasing  in  severity  with  increasing  levels  of  impact  acceleration. 
Experimental  work  currently  underway  is  directed  at  elucidating  the  details  of  the  physiological  mechanical  mechanisms 
responsible  for  this  change  in  brain  hjr.ction.  Future  plans  include  the  extension  of  our  SEP  methodology  to  monitoring 
the  human  subjects  ir  our  impact  accele.ation  studies.  The  validation  and  extension  of  theso  results  with  human  data  is  o 
important  step  In  the  development  of  a human  impact-injury  model. 
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Figure  2:  EEG  spectral  power  for  run  LX  1363  (1205  m/s  peak  sled  acceleration).  Impact  occurs  at  time  = 0.0  and  15 
minutes  of  pre-impact  and  post  impact  data  are  shown.  The  vertical  scale  is  in  microvolts  squared. 
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Figure  3;  Sequence  of  ASEP't  computed  of  time*  relative  to  the  impact  event  for  run  LX  1363,  Ten  individual  SIP* 
averaged  for  each  ASEP.  Note  the  disappearance  and  gra&al  recovery  of  the  ASEP  port-impact. 
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Figure  4i  Plot  of  two  parometeri  derived  from  ASEP'i  fimilor  to  thoee  illuitroted  In  Figure  3,  plotted  for  15  mlnutei  pre- 
and  po*t-impact.  The  EEG  retultt  for  thii  run  are  illuitroted  in  Figure  2.  Thete  plot!  are  bated  on  that  portion  of  the  ASEP 
appearing  between  5 and  100  mllliiecondt  o*ter  median  nerve  itimulotion.  See  text  far  detoili. 
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PEAK  SLED  ACCELERATION  <X  10  IVS**2> 

CHANCE  IN  THE  SHAPE  OF  THE  EARLY  SEP  COMPONENT  A6  A FUNCTION  OF  PEAK  SLED 

ACCELERATION 


Figure  5t  Plot  of  SEP  shape  doto  from  Table  1 , with  (+*•  lint  or  regression  jest-fit  also  shown,  Tht  correlation  is  ,85 
(.02  signification  Itvtl),  Tht  dashed  portion  of  th#  lint  indicatts  tht  approximate  LD„  region  for  -X  peak  acctltration 
this  strits  of  experiments. 
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DISCUSSION 


DR.  H.  JEX  (USA) 

I am  interested  in  the  criterion  that  you  used  to  detect  the  changes  in  shape  of 
the  evoked  potential  following  the  impact. 

AUTHOR'S  REPLY 

We  computed  an  average  of  all  the  pre-impact  responses  then  we  take  the  discrete 
post-impact  and  pre-impact  averages  - arranged  over  10  events  - and  compute  for 
the  interval  of  interest,  which  in  this  case  is  5 to  100  milliseconds  post  stimulus, 
a Pearson  product  moment  correlation  coefficient.  This  gives  us  an  amplitude  inde- 
pendent shape  match  index,  and  that's  what  you  saw  plotted  as  SEP  correlation. 
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Naval  Aerospace  Medical  Research  Laboratory,  Detachment  1 
Michoud  Station,  New  Orleans,  LA,  70189 
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Aircraft  and  Crew  Systems  Technology  Directorate 
Naval  Air  Development  Center,  Warminster,  PA,  1897^ 


ABSTRACT 

The  need  to  visualize  and  interpret  human  body  movement  data  from  experiments  and 
simulations  has  led  to  the  development  of  a computerized,  three-dimensional 
representation  of  the  human  body  and  crew  station.  Particular  emphasis  has  been  placed 
on  head  and  neck  motion  within  the  confines  of  the  A7E,  LAMPS  H2,  and  F18  orew 
stations,  although  the  program  is  general  enough  to  accomodate  any  geometrical 
configuration.  There  are  numerous  computer  programs  for  the  analysis  or  simulation  of 
human  movement  in  various  environments,  but  perhaps  the  only  common  feature  of  all 
these  systems  is  that  they  produce  motion  data  to  manipulate  some  skeletal  model  of  the 
human  body.  While  conventional  charts  and  graphs  can  be  used  to  follow  movements  of 
individual  body  parts,  it  has  been  our  experience  that  only  by  observing  the  entire 
movement  of  the  various  body  segments  can  experimental  results  be  integrated  with 
simulation  studies.  Such  a process  requires  that  program  output  be  used  to  animate  a 
realistically  formed  and  jointed  human  body  model  incorporated  within  an  existing  or 
projected  crew  station.  Animations  are  essential  whenever  the  volume  of  data  collected 
or  generated  is  too  great  to  assimilate  piecemeal,  or  when  the  complexity  of  the  motion 
under  study  leads  to  visualization  difficulties  in  a two-dimensional  graph. 
Dissatisfaction  with  existing  body  models  and  stick  figure  displays  led  to  the 
development  of  a new  human  and  crew  station  model  for  the  computer  with  distinct 
advantages  in  display  realism,  movement^ definition,  collision  or  interaction  detection 
and  cost-effectiveness  in  a real-time  animation  play-back  environment.  Development  of 
this  program  was  meant  to  provide  an  improved  method  for  evaluating  the  physical 
compatibility  of  crew  members  with  crew  stations  under  all  types  of  G environments. 
With  proper  human  input  data  used  as  validation,  computer  generated  results  should 
serve  as  a design  tool  as  well  as  for  purposes  of  evaluation. 

INTRODUCTION 


Evaluation  of  the  physical  compatibility  of  crew  members  with  crew  stations  has 
traditionally  been  based  on  anthropological,  environmental  and  task  sequence  data. 
With  today's  sophisticated  aircraft  the  ability  of  crew  members  to  perform  under 
adverse  conditions  is  becoming  increasingly  crucial,  making  the  man-machine  interface 
an  extremely  important  design  consideration.  Unfortunately,  evaluation  techniques  of 
man's  performance  have  not  kept  pace  with  the  evolution  of  aircraft  design.  Physical 
compatibility  of  man  and  machine  must  be  evaluated  not  only  in  terms  of  physical  and 
visual  interface,  but  also  in  terms  of  reach  and  clearance  envelopes.  Techniques  such 
as  drawing  reviews,  mockups,  flight  simulators,  prototype  flight,  and  track  tests  are 
important  and  produce  useful  data  but  suffer  from  the  limitation  of  not  being  able  to 
take  into  account  the  full  variability  in  crew  anthropometry  and  environmental  factors. 
Mathematical  models  have  produced  some  additional  significant  insight  into  the  problems 
but  their  usage  has  been  limited  due  to  their  complexity,  lack  of  evaluation  criteria, 
and  the  inability  to  get  an  adequate  data  base  which  can  be  used  to  validate  evaluation 
results. 


When  analyzing  orew  station  geometry  two  apparently  distinct  types  of  mathematical 
models  have  emerged.  The  first  deals  with  the  human  factors  aspect  of  the  problem  as 
opposed  to  those  whose  primary  concern  is  the  biodynamic  response  of  crew  members  to 
acceleration  forces  generated  by  aircraft  maneuvers  or  catastrophic  events  such  as 
ditching,  crashes,  and  ejections  (-1 , 2, 3, 5, 6, 7) . Although  logically  compatible, 
results  from  these  two  sources  have  not  been  adequately  correlated  or  used 
interactively  due  to  the  lack  of  standardization  of  input  data,  methodologies  employed, 
format,  and  output  descriptors. 

A complete  evaluation  of  a given  crew  station  must  consider  not  only  the  ability 
of  a crew  member  to  perfoo  his  tasks  but  also  assure  that  the  crew  station  geometry 
does  not  pose  a _ problem  during  emergency  egress.  Information  gained  from  gross  body 
motion  simulation  (i.e.  movement  of  body  segments  in  response  to  applied  forces) 
sllou1’5,  be  used  to  revise  clearance  and  reach  envelopes,  which  in  turn  could 
significantly  alter  the  placement  of  crucial  controls  or  cockpit  geometry  in  general. 

Motion  of  a orew  member  within  his  Seating  and  restraint  system  will  change  the 
locauion  of  joints  which  can  significantly  alter  the  areas  within  his  reach.  Only  when 
both  static  and  dynamic  factors  are  used  in  conjunction  can  a representative  evaluation 
j a Sijen  crew  station  be  effectively  undertaken.  Accident  statistics  amply 
demonstrate  this  point,  H 3 


SCOPE 


In  formulating  the  graphics  model  presented  here,  the  primary  consideration  was 
ease  of  of  usage  and  generality  in  application.  The  intent  was  not  to  reformulate 
capabilities  of  existing  models  but  rather  to  develop  a tool  which  would  use  data 
generated  by  these  programs  as  input  for  further  analysis.  The  bulk  of  the  data 
analyzed  by  this  laboratory  consists  of  human  dynamic  response  data,  simulation  results 
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(primarily  baaed  on  the  Calspan  Program  discussed  later) i dummy  and  hardware  testing 
programs  oonduoted  at  the  Naval  Air  Development  Center,  Naval  Air  Engineering  Center , 
and  Naval  Weapons  Center,  The  complexity  of  instrumentation  employed  and  consequently 
both  quantity  and  caliber  of  the  data  obtained  from  these  various  sources  differs 
sharply  but  must  be  considered  as  state  of  the  art  and  used  in  ’">njunetion  with  other 
test  results.  The  computer  program  was  structured  in  such  a fashion  that  human 
response  data,  simulation  results,  and  test  track  and  ejection  tower  test  data  could  be 
used  as  Inputs,. and  be  compared  on  a common  basis  in  terms  of  man-machine  interface. 

Injuries  to  aircraft  crews  must  be  viewed  In  terms  of  limitations  of  the  escape 
system  as  distinguished  from  inadequate  crew  station  geometry.  Injuries  due  to  the 
first  classification  are  usually  a result  of  high  G forces  and  inadequate  restraint, 
whereas  injuries  due  to  the  latter  can  be  related  to  direct  impact  between  body 
segments  and  the  crew  station  interior.  Of  the  two,  direct  impact  injuries  are  the 
easier  to  prevent  and  all  available  data  should  be  used  to  define  clearance  envelopes 
required. 

The  three  major  areas  of  simulation  to  be  incorporated  consist  of  crew  station 
geometry,  occupant  dynamics,  and  trajectory  analysis.  Computer  programs  which  were 
considered  as  sources  of  input  to  this  model  are  briefly  discussed  below  under  the 
classification  to  which  they  pertain. 

CREW  STATION  GEOMETRY 

The  Cockpit  Geometry  Evaluation  Computer  Program  System  (CGECPS)  was  used  to  check 
and  transform  digitized  crew  station  data  (1).  In  our  application  of  the  program,  two 
reference  systems  were  used.  The  first  is  the  design  coordinate  system  (using  buttock, 
water,  and  station  lines) , where  the  cockpit  plane  vertices  and  control  locations  are 
expressed  in  this  reference  system  using  crew  station  drawings.  The  data  is  then 
transformed  to  a Euclidean  coordinate  system  (x,y,z)  with  the  origin  at  the  design  eye 
reference  point  (figure  1).  Before  each  evaluation  run  the  occupant's  eye  midpoint 
(defined  in  the  head  coordinate  system)  was  made  coincident  with  the  design  eye 
reference  point  origin.  The  crew  member's  anthropometry  and  seating  position  was  used 
to  define  seat  pan  location,  which  was  then  checked  against  the  allowable  seat 
adjustment  range.  If  within  range,  an  ideal  initial  seating  position  was  defined  (i.e. 
crew  member  seated  at  the  design  eye  reference  point)  and  the  simulation  was  ready  to 
proceed.  Exceeding  the  seat  adjustment  range  defines  a problem  of  accomodation. 
Permissible  seat  adjustment  values  were  then  used  (together  with  the  seating  position 
data)  to  redefine  a new  eye  reference  point  (as  distinguished  from  the  design  eye 
reference  point)  and  all  cockpit  information  was  transformed  to  this  new  origin. 

It  is  important  to  remember  that  several  types  of  inputs  can  be  used  to  drive  the 
occupant  segments  and  consequently  determine  initial  positions.  If  dynamic  test  data 
is  used  (sled  and  tower  tests  using  dummies),  then  link  lengths,  joint  ranges,  weights 
of  segments  and  other  initial  position  data  is  determined  from  the  test  conditions. 
The  primary  aim  of  such  a simulation  is  to  detect  possible  strikes  between  occupant 
segments  and  crew  station  interior.  This  type  of  analysis  is  used  primarily  for 
validation  purposes  where  one  is  looking  for  replication  of  motion  monitored  and 
analyzes  this  motion  within  the  constraints  of  the  crew  station  configuration.  Once 
this  validation  phase  ha3  been  completed,  then  a more  general  and  informative  analysis 
can  be  performed.  Since  control  locations  have  been  defined  in  terms  of  the  eye 
reference  point,  the  CGECPS  program  can  be  used  to  determine  initial  angular 
orientation  of  occupant  segments,  given  that  certain  controls  are  being  contacted. 
This  can  be  accomplished  in  terms  of  general  anthropometric  categories  or  for  specific 
dimensional  data  under  investigation. 

Human  test  data  is  treated  in  a similar  fashion.  Experiments  conducted  at  the 
Naval  Aerospace  Medical  Research  Laboratory  Detachment  monitored  head  and  neck  motion 
in  response  to  acceleration,  using  both  inertial  instrumentation  and  high  speed 
photography  (8).  Locations  of  the  head  and  T1  (first  thoracic  vertebral  body) 
coordinate  system  origins  are  determined  throughout  the  entire  course  of  the  run 
(figure  2).  The  graphics  representation  of  the  head  and  neck  system  can  now  be  driven 
using  human  data  and  analyzed  in  terms  of  the  crew  station  geometry.  The  midpoint  of 
the  infraorbital  notches,  defined  in  the  head  anatomical  coordinate  system,  is  placed 
at  the  design  eye  reference  point,  and  the  monitored  head  and  neck  motion  can  be 
analyzed  in  terms  of  the  orew  station  dimensions.  There  are  two  significant  factors 
that  must  be  kept  in  mind.  The  first  is  that  only  head  and  neck  positions  are  known 
and  consequently  only  head  interference  can  be  detected.  Secondly,  initial  position  is 
predetermined  by  the  test  configuration.  Seat  back  angles  in  human  tests  are  somewhat 
different,  as  is  the  restraint  system  employed.  Human  test  subjects  are  much  better 
restrained  than  would  be  the  case  of  a pilot  flying  a particular  aircraft.  Both  of 
these  factors  could  significantly  affect  clearance  envelopes.  Results,  however,  could 
be  interpreted  as  representative  of  a best  case  situation  (i.e,  perfectly  restrained, 
sitting  at  the  design  eye  reference  point).  One  can  vary  the  initial  position  of  the 
occupant  and  restraint  system  par Awe hers  using  the  simulation  program  discussed  below. 

It  should  not  be  forgottei;  that  the  CGECPS  program  is  employed  in  human  factors 
analysis,  using  the  anthropological,  environmental,  and  task  sequence  data.  Used  to 
its  full  capacity,  the  system  provides  information  concerning  data  consistency,  reach 
capability,  crew  station  compliance  to  selected  military  standards,  and  localization  of 
visual  and/or  physical  interference  of  the  occupant  with  the  crew  station.  This  effort 
extends  application  to  a high  G environment  where  segment  motion  is  beyond  the 
occupant's  voluntary  control, 

TRAJECTORY  ANALYSIS 

In  order  to  be  able  to  estimate  occupant  response  to  a given  acceleration  profile, 
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the  seat  tiae  history  has  to  bs  well  defined  over  the  tine  of  interest.  The  forces  at 
the  seat  are  modified  by  restraint-torso  and  seat-torso  interactions,  so  that  when 
investigating  head  and  neck  response,  the  foroes  at  the  dummy's  neck  pivot  (T1  in  the 
oase  of  humans)  must  be  considered  as  the  driving  function  to  the  head  and  neck  system. 
It  is  easy  to  see  that  errors  in  defining  the  seat  time  history  will  be  compounded  when 
propagated  to  the  head  and  neok  or  other  extremeties , Seat  and  restraint  system 
properties  (such  as  force  deflection,  strap  elongation,  etc.)  are  difficult  to  estimate 
and  their  effects  on  occupant  response  can  be  significant,  it  becomes  crucial, 
therefore,  that  both  the  seat  and  the  dummy  be  properly  instrumented  so  that 
modifications  to  the  driving  function  can  be  determined.  Seat  and  dummy 
instrumentation  locations  must  be  surveyed  to  readily  identifiable  landmarks  so  that 
the  effects  of  the  seating  and  restraint  system  can  be  estimated  (figure  3), 
Additionally,  If  one  knows  the  time  history  of  a precise  point  on  the  dummy,  and  dummy 
dimensions  are  related  to  that  point,  then  the  model  of  the  dummy  can  be  driven  (using 
that  point  for  input)  independent  of  the  seating  and  restraint  system.  This  approach 
is  routinely  adopted  In  simulations  based  on  human  data,  where  the  monitored  T1  data  is 
used  as  the  driving  function  to  the  head  and  neok  system. 

From  a standpoint  of  occupant  dynamic  response,  the  most  difficult  emergency 
egress  condition  to  analyze  and  simulate  is  that  of  ejection.  In  this  particular  case, 
one  is  dealing  with  a closed  loop  system  where  occupant  motion  within  his  seating  and 
restraint  system  can  significantly  alter  the  trajectory  achieved,  which  in  turn  is  the 
driving  function  of  the  seat-man  system.  This  differs  from  crash  simulation  whore  the 
mass  of  the  vehicle  is  such  that  the  response  of  the  occupant  to  the  crash  pulse  leaves 
the  driving  function  (time  history  of  the  seat)  unaltered.  This  problem  becomes 
particularly  vexing  in  the  latter  stages  of  trajectory  simulation  (such  as  parachute 
opening  shook).  Test  results  are  extremely  variable  and  confidence  in  simulation 
results  is  marginal  due  to  errors  propagated  and  compounded  by  inaccuracies  in 
stipulating  catapult,  sustainer  rocket,  and  stabilization  forces.  Additionally, 
calculation  of  the  effects  of  windblast  and  the  aerodynamics  of  the  seat-mdn  system  are 
oversimplifications  at  best.  However,  during  the  initial  phases  of  an  ejection,  when 
man-maohine  interface  is  of  major  concern,  the  trajectory  and  seat  forces  are  well 
defined  since  the  seat  is  still  on  the  rails  and  propelled  by  the  catapult. 

When  data  from  the  tower  tests  is  employed,  the  seat  time  history  is  well  defined 
since  the  seat  motion  is  constrained  to  a two  dimensional  trajectory.  Track  tests,  on 
the  other  hand,  are  conducted  to  replicate  the  real  world  and  the  data  is  or  a three 
dimensional  nature.  To  replicate  these  tests  and  draw  inferences  to  other  test 
conditions,  the  ICARUS  program  is  used  to  estimate  trajectories  to  be  expected  (9). 
The  program  considers  the  seat-man  trajectory  starting  from  initial  catapult  initiation 
to  paraohute  opening  shock  and  beyond.  Seats  presently  available  for  analysis  include 
Martin  Baker,  Stencel,  and  Esoapac.  Aircraft  initial  conditions,  catapult  and 
sustainer  rocket  forces,  stabilization  system  forces,  the  aerodynamics  of  the  seat  man 
system,  and  parachute  deployment  forces  are  all  considered  in  various  degrees  of 
complexity.  Aspects  beyond  the  present  capability  or  the  program  include  modelling  of 
complex  stabilization  systems  such  as  MPES  (Maximum  Performance  Ejection  Seat)  and 
modifioation  of  the  trajectory  due  to  occupant  motion  within  his  restraint  system. 
Although  the  whole  occupant  center  of  gravity  is  allowed  to  move  within  the  seat 
coordinate  system  (simulating  torso  compression  and  restraint  sytem  elongation)  perfect 
restraint  is  assumed,  precluding  possible  effects  of  flailing  due  to  windblast  forces. 
However,  when  used  with  a reasonable  amount  of  caution,  adequate  time  histories 
(especially  in  the  early  stages  of  ejection)  can  be  achieved. 

OCCUPANT  MOTION  SIMULATION 


station  data  and  seat  time  history  (either  monitored  or 

simulated),  the  man-machine  interface  under  G can  now  be  analyzed.  If  human  data  is 

used  and  initial  conditions  of  the  aircraft  can  be  related  to  those  of  the  human  test 
(no  angular  velocity  on  the  seat),  then  the  human  data  can  be  used  directly  in 

evaluating  the  crew  station  design.  However,  as  mentioned  previously,  only  head  and 

neck  data  is  presently  available  and  one  must  resort  to  simulation  if  information  on 
other  segments  or  other  test  situations  is  desired.  Dummy  test  data  can  also  be  used 
directly  for  the  specific  test  conditions  available.  To  expand  the  data  base  to 
include  other  conditions,  simulation  must  again  be  considered, 

....  T|]f  program  routinely  used  to  simulate  occupant  response  is  the  Calspan  Simulator 
(a),  which  has  been  the  subject  of  several  validation  papers  by  the  author  (10,11,1?), 
The  model  is  quite  flexible  and  modular  In  design  so  that  the  complete  range  of 
anthropometric  variation,  weight  distribution,  moment  of  inertia  of 'segments,  and  joint 
limiting  angles  can  be  handled  effectively,  the  occupant  can  be  modelled  by  up  to  20 
segments,  connected  by  19  joints.  The  inclusion  of  tension  elements  and  spring  dampers 
facilitates  the  representation  of  muscles  and  ligaments,  and  flexible  elements  such  as 
the  neck  can  be  handled  with  relative  ease.  The  complete  flexibility  in  anthropometric 
dimensioning,  together  with  the  ability  oT  specifying  omnidirectional  Input  and  dynamic 
initial  conditions,  make  this  program  an  ideal  tool  for  evaluating  the  occupant-crew 
station  compatibility  under  acceleration.  Segment-segment  and  segment-crew  station 
contacts  are  also  monitored  and  evaluated  in  terms  of  forces  generated,  Modifications 
iSinal  version  include  evaluation  of  the  ofreets  oT  belt  interactions  and 
windblast  forces. 

One  can  in  fact  drive  any  segment  and  make  the  simulation  as  simple  or  ns  complex 
as  desired.  For  example,  if  one  is  only  concerned  with  head  clearance,  and  the  time 
history  of  ft  is  known*  then  only  the  hend  end  neck  system  need  be  driven  using  the  11 
anatomical  coordinate  system  origin  as  the  locus  whore  the  acceleration  is  applied.  In 
most  dummy  tests  the  head  is  hinged  to  the  upper  torso  via  a rigid  neck  and 
consequently  constrained  to  move  in  the  mldsnggital  plane.  However,  the  forces  applied 
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tra  auoh  that  yawing  and  rolling  of  the  head  would  result  if  the  constraints  were 
reaovad.  In  auoh  a case,  if  the  location  of  the  neck  pivot  in  relation  to  the  dummy's 
3-D  instrumentation  ia  known,  then  an  acceleration  profile  for  this  pivot  point  is 
•aaily  calculated  and  can  be  used  to  drive  a revised  head-neck  system.  One  can  also 
■odel  all  segments  according  to  the  restrictions  of  the  test  and  allow  the  head  the 
freedom  of  notion  warranted.  Incremental  changes  to  input  parameters  oan  also  be 
investigated  in  terms  of  their  contribution  to  simulation  precision, 

ANTHROPOMETRY 

Options  for  several  different  graphical  representations  of  the  human  body  are 
provided,  their  usage  depending  on  the  complexity  desired  and  likelyhood  of  strikes 
occurring.  The  Calspan  program  provides  optional  output  of  segment  time  histories  and 
contact  ellipsoid  information.  Each  segment  is  modelled  via  an  ellipsoid,  whose  origin 
tin  relation  to  the  segment  C.G.  location)  and  force  deformation  properties  are 
specified  (figure  4).  Use  of  this  package  greatly  facilitates  interpretation  of  data 
and  can  be  used  as  a preprocessor  to  isolate  specific  crew  station  surfaces  with  which 
oontaot  might  occur.  As  an  example,  previous  ejection  simulation  results  oan  be  used 
to  define  segment  motion  in  the  inertial  reference  frame.  Analyzing  this  motion  within 
the  oonfines  of  a specific  orew  station  will  isolate  the  areas  of  concern,  A full 
simulation,  employing  the  exact  seat  time  history  and  initial  conditions  of  the 
aircraft,  together  with  the  pilot's  initial  position  within  the  orew  station,  can  then 
be  undertaken.  Only  those  crew  station  surfaces  previously  isolated  need  be  included 
in  the  interference  cheeks  conducted  during  simulation,  greatly  reducing  the  computer 
oosts  involved.  The  entire  crew  station  can  still  be  , ’otted  and  visual  checks 
undertaken  to  assure  that  in  fact  only  those  surfaces  stipulated  needed  to  be 
monitored. 

To  increase  the  resolution  by  attaining  a better  representation  of  the  human  form, 
a revised  graphics  package  was  formulated  which  can  be  driv<  •>  by  either  Calspan  Program 
output  or  test  data  (figure  5).  As  in  the  case  of  the  elliptical  representation,  the 
flexibility  of  specifying  the  range  of  anthropometric  variation  was  maintained  through 
application  of  scaling  parameters.  Joint  and  segment  C.G.  locations  are  defined  on 
input,  determening  the  skeletal  configuration  of  the  occupant.  Each  segment  has  a 
series  of  spheres  associated  with  it,  the  origins  of  which  are  located  on  the  local 
segment  ooordinate  system.  The  locations  of  these  origins,  as  well  as  the  radii  of  the 
spheres,  depend  on  the  anthropometry  of  the  modelled  occupant.  Segment  representation 
by  a series  of  spheres  was  chosen  because  most  body  . contours  could  be  adequately 
represented.  Additionally,  when  viewed  from  any  angle,  each  sphere,  projected  onto  a 
viewing  plane,  reduces  to  a circle.  This  minimizes  computer  execution  time 
signifloantly. 

A further  refinement  of  anthropometric  representation  was  recently  undertaken, 
employing  the  methodology  of  the  Biostereometrics  Laboratory,  Baylor  College  of 
Medicine,  from  whom  a data  set  was  greatfully  obtained  (13), (figure  6).  Using  a three 
dimensional  photographic  technique,  the  topography  of  the  subject  is  established  in  the 
inertial  reference  frame,  as  are  the  locations  of  up  to  80  bony  skeletal  landmarks. 
The  resulting  data  base  consists  of  successive  slices,  each  one  having  a common  z level 
and  a defined  center  of  gravity.  This  center  of  gravity  constitutes  the  average  of 
coordinates  of  all  points  of  the  cross  section.  The  number  of  slices  required  for 
simulation  input  is  a function  of  resolution  sought.  A3  an  example,  figure  6A  contains 
twice  as  many  data  points  as  6B.  From  the  bony  landmarks,  the  anthropometric 
dimensions  of  the  subject  can  be  established  and  the  location  of  the  joints  estimated. 
These  joint  locations  determine  the  skeletal  structure  and  segment  lengths.  Segment 
orientations  are  calculated  from  the  data  and  the  various  slices,  or  partial  slices, 
assigned  to  the  segments  modelled  (figure  7).  Figures  7A  through  7M  demonstrate  this 
assignment.  7A  constitutes  the  head;  7B  head  and  neck;  7C  head , neck, and  shoulder,  etc. 
In  articulating  this  body,  each  slice  and  the  defined  joints  must  be  transformed  into 
the  segment  local  coordinate  system  (i.e.  in  terms  of  the  segment  C.G.  locations). 
Initially,  these  C.G.  locations  are  estimated  from  anthropometric  dimensions,  but  as 
better  estimates  become  available  the  slice  transformations  can  be  easily  recalculated. 
As  before,  the  entire  skeletal  structure,  or  portions  thereof,  can  be  driven  either 
under  computer  control  or  using  monitored  human  data. 

The  advantage  of  this  topographic  method  is  that  a permanent  record  is  attained 
which  can  be  redigitized  if  more  data  points  are  needed.  Additionally,  locations  of 
non  bony  skeletal  landmarks  can  also  be  defined.  X ray  anthropometry  of  all  human 
subjects  tested  at  NAMRL  det.  is  used  to  localize  photographic  targets  and  inertial 
instrumentation  relative  to  the  head  and  neck  anatomical  coordinate  systems  (figure  8). 
If  three-dimensional  photography  is  taken  with  the  mounts  in  place,  the  location  of 
these  coordinate  systems  , in  the  inertial  reference  frame,  can  then  be  established. 
As  was  the  case  in  the  spherical  representation,  it  is  a relatively  simple  task  to 
dimension  the  data  to  accomodate  various  anthropometric  categories.  Changes  in  link 
lengths,  keeping  the  number  of  slices  the  same,  will  result  in  the  spacing  between  each 
successive  slice  being  increased,  and  vice  versa.  Increasing  or  decreasing  the  size  of 
the  slices  themselves  is  accomplished  by  defining  a vector  extending  from  the  center  of 
gravity  of  a slice  to  each  point  constituting  the  outline.  Upward  or  downward  scaling 
of  the  vecto”  lengths  is  used  to  redefine  the  location  of  these  outline  points. 

No  matter  how  precise  the  definition  of  the  human  body,  clearance  envelopes  and 
possibility  of  contact  are  directly  related  to  equipment  worn  by  crew  members.  Serious 
injuries  to  the  head,  resulting  from  direct  contact,  must  be  viewed  in  terms  of 
head-helmet  displacement  within  the  crew  station.  Even  under  the  assumption  that  the 
helmet  does  not  move  relative  to  the  head,  which  itself  can  cause  serious  injuries,  the 
increase  of  the  volume  represented  by  the  helmet  must  be  accounted  for.  Although 
digitized  information  on  various  helmets  is  readily  available,  relating  this  data  to 


the  head  coordinate  system  must  be  repeatable  and  oonsiatent.  A preliminary  experiment 
was  conducted)  using  a medium  HGU-35P  helmet  and  phantom  head  (human  skull  covered  with 
rubber  aaterial  to  simulate  features) » in  whioh  the  head  anatomical  coordinate  system 
was  defined.  Lead  pellets  were  attaohod  to  tho  left  and  right  center  of  rotation 
points  of  the  helmet,  as  well  as  to  the  middle  of  the  front  trim  line.  The  helmet  was 
then  placed  on  the  marked  phantom  head  and  X rays  were  taken.  The  XY  plane  of  the 
helmet  coordinate  system  was  defined  by  the  three  lead  markers  and  the  % axis  was  taken 
as  normal  to  this  plane,  with  its  origin  midway  between  the  two  center  of  rotation 
pellets.  The  original'  helmet  data,  expressed  in  terms  of  water,  buttock  and  station 
lines,  was  transformed  to  the  above  defined  helmet  coordinate  system.  The  location  of 
the  helmet  coordinate  system  origin  was  defined  on  the  head  anatomical  coordinate 
system  from  the  X ray  data  , The  helmet  shell  contour  data  was  then  retransformed  to 
the  head  coordinate  system,  Figure(9)  illustrates  the  increase  in  volume  attributable 
to  the  helmet.  It  should  be  pointed  out,  that  although  a definition  of  a helmet 
coordinate  system  is  necessary  for  proper  localization  of  helmet  contour  data  on  the 
head  anatomical  coordinate  system,  the  one  chosen  need  not  be  considered  as  the  ideal, 
and  another  can  be  substituted  as  long  as  it  can  be  repeatedly  defined  (using  the  3ame 
landmarks)  aeoross  helmet  types.  Further  experiments  are  planned  to  determine  the 
repeatability  with  whioh  a subject  can  place  the  helmet  on  his  head  and  the 
variability,  accross  subjects,  of  helmet  contour  locations  on  the  head  coordinate 
system.  Since  mouth  mount  locations  are  defined  relative  to  the  head  coordinate 
system,  subjects  wearing  these  mounts  and  helmets  can  be  analyzed  using  photographic 
techniques.  This  eliminates  the  necessity  for  non-medical  use  of  X rays. 

Since  many  applications  of  head  dynamic  response  data  do  not  consider  a protected 
head,  it  was  deemed  necessary  to  provide  a program  option  in  which  precise  head  data 
could  be  displayed  independent  of  other  body  segments.  Clearly,  if  a helmeted  head 
strikes  an  object,  the  precision  necessary  to  describe  the  skull  outline  need  not  be 
that  high;  as  long  as  the  helmet  contours  are  localized  on  the  head  coordinate  system. 
It  is,  after  all,  the  helmet  that  will  make  contact.  With  the  unhelmeted  head, 
however,  precision  is  required  to  establish  the  existence  and  location  of  contact  and 
the  dynamic  conditions  existing  at  the  time.  The  digitized  skull  information, 
employing  the  same  coordinate  system  previously  described,  was  obtained  from  T.A. 
Shugar's  Finite  Element  Head  Injury  Model  (14),  Although  at  present  not  representative 
of  any  particular  anthropometric  categorization,  the  computer  input  library  can  be 
expanded  as  additional  information  becomes  available.  Head  contour  data  obtained  from 
stereo  photography  (figure  7A)  can  also  be  used  since  it  was  redefined  in  terms  of  the 
head  anatomical  coordinate  system.  This  system  was  estimated  from  the  location  of  the 
auditory  meatus  and  infraorbital  notches.  The  head-helmet  data  can  again  be  driven  by 
either  computer  simulation  results  or  by  human  head  trajectory  data. 

Care  must  be  taken  when  analyzing  helmeted  head  trajectories  using  human  data  as 
input.  The  trajectories  monitored  are  those  of  human,  unhelmeted  subjects,  suitably 
restrained,  with  a seatback  angle  of  90  degrees.  Displaying  this  motion  within  the 
cockpit  (figure  10  left),  with  the  initial  position  determined  via  the  methodology 
previously  described,  provides  significant  insight  into  the  crew  station-pilot 
compatability . Range  of  motion  under  less  restrictive  restraint  will,  in  all 
probability,  be  increased  and  therefore  results  from  human  data  tend  to  be  on  the 
optimistic  side.  Inclusion  of  a helmet  (figure  10  right)  expands  the  displacement 
volume  and  increases  the  likelyhood  of  contact.  The  additional  weight  of  the  helmet, 
and  its  effect  on  the  head  trajectory,  has  as  of  yet  not  been  properly  defined.  The 
effect,  however,  is  expected  to  be  detrimental  in  terms  of  increasing  head  range  of 
motion.  Viewed  from  this  perspective,  results  obtained  must  be  considered  as  the  best 
case  situation  and  that  in  actual  situations  the  hazard  would  be  increased. 

APPLICATIONS 

The  graphics  package  described  was  designed  not  only  to  handle  various  sources  of 
input  but  to  be  flexible  enough  to  provide  the  best  possible  insight  into  results.  As 
such,  the  object  observed  can  be  viewed  from  any  position  (as  if  a camera  were  placed 
there)  using  any  perspective  desired.  Enlargement  or  reduction  can  also  be  specified 
as  required.  Presently  conducted  work  will  expand  the  capability  to  include  stereo 
views  (to  be  viewed  with  special  glasses)  to  attain  a better  depth  perspective  and  to 
vary  display  intensity  of  data  sets  for  contrast  purposes.  As  an  example,  the  crew 
station  can  be  displayed  dimmer  than  the  crew  member  so  that  confusion  as  to  contour 
intersections  can  be  minimized.  A hidden  line  option  has  been  completed  but  its  usage 
has  been  limited.  Although  the  aesthetic  quality  of  the  graphics  is  enhanced  using 
this  option,  information  obtainable  is  limited  since  segments  hidden  behind  crew 
station  surfaces  can  not  be  observed.  The  various  data  sets  can  be  displayed 
seperately  or  together,  depending  on  the  simulation.  Occupant  response  to  acceleration 
can  be  displayed  together  with  the  crew  station  or  analyzed  independently  , using  any 
of  the  three  configurations  provided. 

Since  occupant  response  to  an  omnidirectional  input  can  be  simulated,  applications 
to  specific  test  or  accident  situations  become  self  evident.  Tho  case  of  ejection  has 
already  been  discussed  in  some  detail.  Additionally,  carrier  arrested  landings  and 
ditching  can  be  investigated.  Typical  deceleration  profiles  of  carrier  landings  are 
available  and  data,  when  transformed  to  the  crew  station  from  its  original  locus,  can 
be  used  to  drive  the  crew  station  model.  The  same  holds  true  if  accelerations  seen 
during  ditching  are  ever  quantified.  If  the  resulting  data  from  these  two  sources  can 
be  correlated  to  that  monitored  during  human  tests,  then  human  data  can  be  used 
directly  to  drive  the  head  within  the  crew  station.  in  such  situations,  all 
possibility  of  contact  must  be  eliminated.  There  is  no  sense  in  providing  elaborate 
underwater  escape  systems  if  the  crew  member  is  unable  to  activate  them  as  a result  of 
unconsciousness  sustained  from  direct  impact. 
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Sinoe  the  viewing  looation  oan  be  speolfied  to  be  at  the  eye  reference  point,  the 
pilot's  perapeotive  of  the  orew  station  interior  oan  be  used  as  a design  tool.  Control 
looatibns  oan  be  stipulated,  using  graphics,  so  that  ease  of  pilot  viewing  and 
aotivation,  whan  neoessary,  oan  be  aaxlmized.  This  should  be  done  before  crew  station 
prototypes  are  ever  oonstruoted.  Additionally,  aircraft  carrier  flight  decks  can  be 
digitised  and  for  given  airoraft  tine  histories,  the  pilot's  view  during  landing  can  be 
displayed. 

Crow  station  geometry  oan  be  expanded  to  include  any  enclosure,  such  as  automobile 
interiors.  Usually,  in  auah  oases,  greater  clearance  is  provided  and  the  effects  of 
various  seating  and  restraint  arrangements  can  be  investigated.  If  direct  contact  is 
deteoted  (using  the  skull  representation  provided)  results  can  also  be  used  directly  as 
inputs  to  a finite  element  head  injury  model. 
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Pig.  10  Head  displacement  within  the  \1V  crew  station  (I  lumen  data  IJti,  5.15  (iVc  l 
Onset  Note  increase  ol  clearance  required  with  the  addition  of  helmet 
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DISCUSSION 


DR.  if.  JEX  (USA) 

What  Is  the  form  in  which  the  preposlt ionlng  of  limbs  is  determined  for  the  model" 
Do  you  use  a table  of  numbers  or  computer  graphics  techniques? 

AUTHOR'S  REPLY 

Positioning  of  the  occupants  within  our  crew  station  is  obviously  a function  of 
anthropometry.  There  are  two  distinct  types  of  simulation  one  can  consider.  In 
the  first  case,  one  might  want  to  replicate  a test  that  has  been  conducted  and 
compare  model  results  with  those  monitored  in  the  test.  In  such  a situation,  link 
lengths  and  Initial  position  data  is  predetermined  from  the  test  conditions.  In 
the  second  case,  one  is  interested  in  either  extrapolating  test  data  to  other  situ- 
ations or  using  a model  in  a predictive  fashion  to  estimate  response  before  having 
conducted  the  test.  In  such  cases,  anthropometry  can  be  determined  from  a statist- 
ical model,  resulting  in  an  appropriate  scaling  of  link  lengths.  Given  these  lir.k 
lengths  and  the  crew  station  geometry,  an  Idealized  initial  position  can  be  deter- 
mined. In  the  past  we  have  assumed  the  pilot  to  be  sitting  at  the  eye  reference 
point  and  define  specific  controls  to  be  contacted.  For  example,  the  feet  are  to 
be  on  the  rudder  pedals;  one  hand  on  the  throttle  and  the  other  hand  on  the  contra, 
stick.  Since  the  location  of  these  controls  is  defined  relative  to  the  eye  refer- 
ence point,  a preprocessing  program  calculates,  using  the  link  lengths  and  angular 
limitations  of  the  Joints,  the  angular  orientation  of  all  the  various  segments 
relative  to  the  crew  station. 

DR.  Q.  ALLEN  (UK) 

It  was  not  quite  clear  to  me  what  experimental  validation  you've  done  on  your  sim- 
ulation. Could  you  address  the  extent  of  your  validation? 

AUTHOR'S  REPLY 

Validation  efforts  have  been  twofold  in  nature.  Model  performance  has  been  com- 
pared to  live  subject  tests  conducted  at  New  Orleans.  Simulated  head  and  neck 
response  have  proven  to  be  quite  reproducible,  especially  at  high  G levels.  Addi- 
tional dummy  tower  tests  conducted  at  Warminster,  PA  have  been  used  extensively  to 
validate  the  program  performance.  More  complex  trajectories,  such  as  .the  vertical 
seeking  maneuver  employed  by  the  Maximum  Performance  Ejection  Seat  (presently 
being  developed  by  the  Navy)  have  also  been  employed  as  input,  with  equally  adequat 
results.  These  tests,  conducted  at  China  Lake,  were  fully  Instrumented  so  that  we 
feel  that  an  adequate  data  base  exists,  and  further  refinements  to  the  existing 
program  can  be  effectively  undertaken. 
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INTRODUCTION 

A new  generation  of  US  Army  helicopters  has  been  designed  for  unprecedented  crashworthiness.  Those 
new  aircraft  are  expected  to  prevent  fatalities  and  minimize  Injury  during  accidents  with  Impact  velocities 
as  severe  as  42  feet  per  second  down,  SO  fiet  per  second  forward,  30  feet  per  second  sideward,  and  a com- 
bined (resultant)  velocity  change  not  to  exceed  SO  feet  per  second.  The  severity  of  the  vertical  Impact 
necessitates  that  crash  force  attenuation  be  provided  to  limit  seat  occupant  spinal  loading  to  human  toler- 
ance levels.  Even  when  high  sink  rate  (load-1 imltlng)  alighting  gear  are  used,  deceleratlve  force  attenua- 
don  Is  still  necessary  In  the  aircraft  sears.  Seats  have  been  developed  to  meet  the  crashworthiness 
criteria  of  M1L-S-58095(AV)  O)  and  the  Army's  "Crash  Survival  Design  Culde."<25  However,  the  state  of  the 
art  Is  such  that  there  is  no  validated  probability  of  Injury  model  for  the  seat  designer  or  evaluator  to 
determine  If  a particular  seat  design  minimizes  Injury. 

This  paper  discusses  crashworthy  helicopter  accident  data  revealing  injury  types  related  to  seat 
design,  seat  occupant  Injury  criteria,  recent  crashworthy  seat  test  data,  and  crashworthy  ..eat/occupant 
modeling  technology.  The  deslgner'a  dilemma  in  finding  the  minimum  Injury  solution  by  designing  to  the 
■any  conflicting  variables  is  presented.  Finally,  the  relationship  between  the  spinal  vertebra  atress- 
straln  characteristics  and  irreversible  Injury  la  discussed. 

ACCIDENT  DATA 

Accident  experience  shown  that  helicopter  seats  should  be  designed  to: 

a.  Possess  sufficient  strength  and  load-deflection  characteristics  to  maintain  structural  Integrity 
and  occupant  retention. 

b.  Provide  the  moet  full  body,  low  elongation  reatralnt  system  that  operational  considerations  permit 
in  order  to  properly  position  the  body  for  minimum  risk  of  deceleratlwe  injury  and  to  minimize  occupant 
motion. 


c.  Attenuate  crash  Impact  deceleratlve  forces  Imparted  to  the  occupant  to  htasanly  tolerable  values. 

Decant  accident  data  analyses  (aaa  Table  I)  have  shown  that  approximately  one-half  of  all  Injuries  In 
Army  helicopter  accidents  era  due  to  deceleratlve  Impact  forces.'”  A recent  analysis  of  US  Army  attack 
helicopter  accident  data  by  the  US  Army  Agency  for  Aviation  Safety  (USAAAVS)  revealed  the  Influence  of 
vertical  Impact  velocity  on  the  Incidence  of  spinal  Injury.  Figure  1 ehows  a back  Injury  rate  of  30  per- 
cent for  a sink  epeed  of  2'  ft/sec,  l.e.,  the  equivalent  of  a 9.7-ft  free  fall.  The  seat  and  restraint 
system  play  a major  role  In  preventing  these  Injuries,  ae  well  aa  those  injuries  due  to  lack  of  occupant 
restraint,  ejection  from  the  aircraft  on  Impact,  the  occupant  striking  surrounding  structure/components, 
and  even  the  poetcraah  hazards  of  drowning  and  fire. 

CRITERIA 

HtL-STD-1290^)  requires  that  the  seats  and  occupant  restraint  systems  of  future  US  Army  aircraft  be 
crashworthy.  Seats  are  required  to  be  aft- feeing  whenever  operational  coos  Ids  rat  lone  permit  and  not  to  be 
side-fat Ing  unless  absolutely  necessary  to  ment  operational  requirements.  Seats  are  alao  requlrad  to 
restrain  the  occupant  during  crash  Impacts  as  severe  as  the  93th  percentile  potentially  eurvlvable  accident 
defined  in  Table  It  and  to  attenuate  impact  decelerations  to  accepted  human  tolerance  levels  for  ths  3th 
through  93th  percentile  occupant  population.  Seats  and  restraint  systems  must  pees  a eertes  of  six  static 
end  two  dynamic  crash  testa.  The  dynes' c testa  are  MuasMrlteJ  in  Table  III.  The  crashworthy  seat  ultimate 
static  load  factors  required  by  MIL-S-38093(AV)  and  NIL-STD-1290  ere  compared  In  Teble  IV  with  the  older, 
superceded  seat  criteria. 

because  vertical  accelerations  that  are  input  to  tha  seat  from  ths  floor  in  savers  but  potentially 
aitrvivabie  helicopter  accidents  (48C  for  the  93th  percentile  survivals  accident)  exceed  human  tolerance, 
vertical  crash  force  attenuation  Is  required  in  ell  seats.  MIL-S-3B095(AV)  and  the  Army's  “Crash  Survival 
Design  (aiide"  rsqulre  a minimum  of  17  Iron**  nf  vertical  seer  stroking  diet  once.  Beat  vertical  energy 
absorption  mechanisms  mat  stroke  at  a limit  I'.cJ  od  (14. V v_  1.0)  x (Effective  weljit  of  the  30th 
percentile  occupant  an!  stroking  portion  of  seat).  ~ 

These  energy  attenuation  requirements  are  necessary  to  limit  headward  derelerttlone  to  within  the  human 
tolerance  criteria  of  Fiipjre  2.  This  curve  le  based  on  the  findings  of  Riband.*2'  M!L-S-3H093(AV)  requires 
that  headward  dace  la  ret  tone  measured  on  the  see.'  pan  be  limited  to  tha  acceptable  levels  of  Figure  2. 
le cause  the  93th  percentile  eurviveble  accident  deceleration  nlong  the  aircraft's  longitudinal  axle  ie  24G, 
it  exceeds  tha  human  tolarmnca  of  sideward  facing  cabin  seat  occupant*  and  crash  force  attenuation  must  bs 


aim 


provided  by  the  seat  for  that  direction  aa  well  aa  in  the  vertical  direction,  Hunan  tolerance  Unite  to 
deceleratlve  loads  in  all  three  axes  are  presented  in  the  "Crash  Survival  Design  Guide," 

The  Army's  UH-60A  BUCK  HAWK  and  YAH-64A  Advanced  Attack  Helicopter  (AAH)  are  equipped  with  crash- 
worthy seats.  The  armored  pilot/eopilot  seats  and  restraint  systems  are  designed  to  comply  with  MIL-S- 
58095 (AV) , The  UH-60A  cabin  seats  are  designed  in  accordance  with  the  Army's  "Crash  Survival  Design  Cuide, 
The  UH-6QA  crashworthy  armored  crew  seat  is  shown  in  Figure  3.  The  UH-60A  cabin  seats  are 
based  on  the  prototype  design  shown  in  Figure  4. 

CRASHWORTHY  SEAT  ANALYSIS  AND  TEST  EXPERIENCE 

In  recent  years  there  has  been  considerable  interest  and  research  activity  by  both  the  automotive  and 
aviation  community  in  the  development  of  mathematical  models  for  seat  and  occupant  crash  impact  analysis. 
References  6,  7,  and  8 discuss  several  of  the  mathematical  models  developed  to  date.  Unfortunately  for 
the  crashworthy  helicopter  seat  designer,  many  of  these  models  were  developed  for  simulation  of  forward 
and/or  sideward  impact,  not  for  vertical  impact.  The  crashworthy  seat  designer  has  a need  for  validated, 
economical  seat  and  occupant  crash  impact  mathematical  models  for  use  ass 

a.  Structural  Analysis  Tools  - Several  structural  analysis  computer  programs  employing  the  finite 
element  method  are  available  to  help  the  seat  designer  achieve  a lightweight  seat  structure  capable  of 
withstanding  the  design  criteria  crash  loads. 

b.  Seat  and  Occupant  Motion  Simulator  - The  seat  and  occupant  motion  during  a crash  should  be  ana- 
lyzed to  determine  if  the  occupant  might  strike  surrounding  structure  or  potentially  injurious  objects 
such  as  cyclic  sticks  or  sights  during  the  crash  sequence.  Seat  motion  must  be  analyzed,  particularly 
during  the  seat  stroking  phase,  to  insure  that  stroking  is  not  impaired  by  the  seat  striking  surrounding 
structure.  This  is  particularly  important  for  pilot  and  copilot  seats  designed  to  stroke  into  a well  in 
the  floor  (see  Figure  5)  in  order  to  achieve  the  full  12  inches  of  vertical  stroking  distance  required  by 
MIL-S-58095(AV), 

c.  Occupant  Injury  Models  - Although  injury  models  for  head/neck  injury  and  body  contact  type  inju- 
ries are  useful  in  assessing  the  injury  potential  for  seated  occupants,  the  need  is  greatest  for  a vali- 
dated injury  model  capable  of  predicting  seat  occupant  injury  due  to  headward  (+GZ)  deceleratlve  forces 
during  crash  impacts  involving  longitudinal,  lateral,  and  vertical  forces.  Emphasis  is  placed  on  +Gz 
forces  because  the  95th  percentile  survivable  helicopter  accident  vertical  floor  accelerations  (48G  peak) 
greatly  exceed  specified  human  tolerance  (approximately  23G) . The  attenuation  of  injurious  crash  impact 
accelerations  is  illustrated  in  Figure  4,  which  shows  how  peak  vertical  accelerations  as  high  as  62.95G 
were  attenuated  to  less  than  24G  during  the  full-scale  crash  testing  of  a CH-47C  helicopter.  Aircraft 
impact  conditions  were  a 95th  percentile  survivable  accidentj  i.e.,  50  ft/sec  flight  path  velocity,  30  ft/ 
sec  forward  velocity,  40  ft/sec  vertical  velocity,  10o  nose-up  pitch,  and  1°  roll  at  impact. (9)  A spinal 
injury  model,  extensively  correlated  with  experimental  and  operational  data*  would  enable  the  seat  de- 
signer to  "tune"  the  seat's  vertical  crash  force  attenuation  characteristics  for  minimum  probability  of 
injury  for  a given  set  of  input  pulse  and  occupant  population  criteria.  Seat  and  restraint  system  char- 
acteristics affecting  the  probability  of  injury  due  to  +GZ  forces  include!  body  position,  seat  cushion 
dynamic  overshoot,  amount  of  vertical  stroking  distance  available,  and  energy  absorber  load-deflection 
profile. 

Application  of  mathematical  modeling  techniques  to  the  crashworthy  seat  design  process  has  lagged 
considerably.  In  large  part  this  is  due  to  the  resources  required  to  productively  apply  the  computer 
program  (e.g,,  computer,  personnel  qualifications,  time,  and  funds)  to  the  design  problem  and/or  concerns 
about  the  extent  of  model  correlation  with  test  data.  The  companies  that  manufacture  helicopter  seats 
are  often  small  businesses  that  find  it  more  practical  to  develop  a crashworthy  seat  by  design,  hand 
analysis,  and  test,  without  the  use  of  mathematical  models.  Some  examples  of  where  mathematical  models 
have  been  used  are  discussed  in  the  following  paragraphs. 

The  crashworthy  helicopter  crew  seat  design  criteria  of  MIL-S-58095(AV)  were  verified  with  the  aid  of 
the  lumped-parameter  model  shown  in  Figure  6.(10)  This  5-degree-of-freedom  lumped-parameter  system  pre- 
dicts the  vertical  dynamic  response  of  the  seat  and  occupant  to  the  crash  impact  vertical  acceleration., 
time  history  input  to  the  model  at  the  floor.  The  occupant  is  modeled  with  three  masses,  three  linear 
springs,  and  three  viscous  dampers.  Masses  M3,  M4,  and  M5  represent  the  occupant's  pelvis,  chest,  and 
head  respectively.  Springs  K3,  K4,  and  K5  represent  the  buttocks,  spinal  column,  and  neck,  Masses  Ml  and 
M2  represent  the  mass  of  the  seat  and  seat  cushion.  Ki  and  K2  represent  the  vertical  load-deflection 
characteristics  of  the  seat  and  seat  cushion.  The  nonlinear  energy  absorber  and  cushion  load-deflection 
characteristics  are  modeled  with  springs  Ki  and  K2  in  a piecewise  linear  fashion.  This  model  was  used  to 
investigate  the  effect  of  the  following  variables  on  deceleratlve  loading  during  a vertical  impact!  crash 
pulse,  seat  movable  mass,  cushion  properties,  energy  absorber  limit  load,  and  stroking  distance.  Refer- 
ence 10  contains  a complete  description  of  this  model  and  the  parametric  analysis  performed.  Based  on  the 
parametric  analysis  and  a series  of  seven  vertical  and  one  triaxial  seat  drop  test,  it  was  concluded  that 
crashworthy  seat  energy  absorbers  should  be  set  at  a limit  load  factor  of  14.5  + 1,0  for  the  50th  per- 
centile occupant,  and  at  least  12  inches  of  vertical  stroking  distance  is  required  for  the  95th  percentile 
occupant  in  the  95th  percentile  survivable  accident.  This  model  was  used  in  Reference  11  to  further  in- 
vestigate seat  system  sensitivity  to!  floor  acceleration,  energy  absorber  load-deflection  profile, 
cushion  load-deflection  characteristics,  and  occupant  size. 

The  effect  of  helicopter  occupant  restraint  system  webbing  elongation,  width,  and  slack  on  Injury 
potential  was  investigated  during  the  effort  described  in  Reference  12,  The  two-dimensional  computer  pro- 
gram SIMULA(13)  was  used  to  perform  an  analysis  of  the  following  variables:  crash  pulse  shape  and  magni- 
tude, occupant  size,  restraint  system  slack,  webbing  stiffness,  energy-absorbing  webbing,  and  different 
combinations  of  shoulder  harness  and  lap  belt  straps.  The  Gadd  Severity  Index  was  used  to  indicate  the 
relative  injury  potential  of  the  various  restraint  systems  analyzed.  High  elongation  webbing  was  shown  to 
not  only  increase  the  occupant  strike  envelope  but  also  to  significantly  amplify  occupant  loading  ns  shown 
in  Figure  7, 
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Another  exu^la  of  the  u «•  of  mathematical  modeling  to  study  seat  and  occupant  motion  during  a craah 
ta  praxes  tad  in  Inference  14.  During  development  of  a creah-forca-attanuating  armored  crew  seat  under 
Havy  contract.  ARA  Incorporated  ueed  a aingle  rigid-body,  3-degrae-of-freadom  (vertical  tranalation, 
longitudinal  tranalation,  and  pitching)  mathematical  model  to  predict  the  aeat  bucket  and  occupant  motion 
during  craah  Impact  energy  abaorber  atroking,  A aingle  rigid  body  representing  the  aeat  bucket  and  occu- 
pant vaa  c antilave red  from  the  vertical  axia  by  three  atroking  energy  abaorbera.  Thia  model  provided  the 
following  information!  rigid-body  acceleration,  velocity,  and  displacement}  energy  abaorber  forces,  and 
mount  of  energy  absorbed. 

Although  NIL-STB-129Q , MIL-S-58095(AV) , and  the  "Craah  Survival  Design  Guide"  define  human  tolerance 
to  headward  accelerations  in  terms  of  the  findings  of  Eiband,  the  Dynamic  Response  Index  (DRI)  has  been 
eaployed  in  a number  of  efforts  in  an  attempt  to  determine  the  cumulative  probability  of  spinal  injury 
from  ejection  aeat  operational  experience,  for  want  of  a correlated  probability  of  spinal  injury  model  for 
crash  impact.  The  cumulative  probability  of  apinal  injury  during  vertical  crash  impact  for  various  "notched" 
or  "square"  energy  abaorber  load-deflection  characteristics  (see  Figure  8)  was  investigated  using  the  DRI 
in  the  Reference  15  and  16  efforts,  Basic  assumptions  of  these  efforts  included!  (1)  the  DRI  is  valid 
for  the  crash  impact  problem,  and  (2)  because  the  crash  environment  and  occupant  weight  can  be  described 
statistically,  the  cumulative  probability  of  injury  can  then  be  calculated  using  the  DRI  for  a given  energy 
abaorber.  The  analytical  model  of  Figure  9 was  used  to  calculate  the  seat  stroke  and  dynamic  response  of 
the  seat  and  man  for  a given  triangular  vertical  input  pulse.  It  was  concluded  from  these  efforts  that: 

(1)  for  a eurvivable  helicopter  vertical  crash  impact,  there  is  a 12,4-percent  probability  of  spinal  injury 
without  a craah  force  attenuating  aeat;  (2)  the  "square  wave"  energy  absorber  with  12  inches  of  stroke 
offers  a 17-percent  reduction  in  apinal  injury  probability  in  comparison  to  no  attenuation;  and  (3)  an 
optimized  "notched"  energy  absorber  offers  a 50-percent  improvement  in  comparison  to  no  attenuation.  The 
potential  of  the  "notched"  energy  absorber  was  investigated  further  during  the  crashworthy  troop  seat 
developMnt  effort  of  Reference  17  in  comparison  to  the  curvilinear  load-deflection  curve  characteristic 
of  tensile  yielding  of  annealed  tube  and  the  trapezoidal  curve  of  invertube  and  wire-through-roller  type 
attenuators.  Because  of  the  extreme  sensitivity  of  the  DRI  to  minor  changes  in  the  "notched"  attenuator 
load-deflection  profile  and  doubt  concerning  the  feasibility  of  manufacturing  a "notched"  energy  absorber 
of  sufficient  accuracy,  the  "notched"  energy  absorber  was  not  deemed  suitable  for  crashworthy  troop  seats. 

The  three-dimensional  computer  program  Seat-Occupant  Model:  Light  Aircraft  (SOMLA)  has  been  developed 
by  Dr,  D,  H.  Laanar.en  under  Federal  Aviation  Administration  (FAA)  sponsorship  for  the  purpose  of  providing 
the  seat  designer  a tool  for  analyzing  seat,  occupant,  and  restraint  system  dynamic  response  to  crash 
impact.  The  29-degree-of-freedom  occupant  model  consists  of  12  rigid  mass  segments  with  rotational  springs 
and  dampers  at  the  joints.  A finite  element  seat  model  is  provided  that  consists  of  a seat  pan  and  back 
which  retains  the  seme  position  for  any  seat  being  modeled.  Energy  absorbing  seats  may  also  be  modeled. 

Five  types  of  seat  support  structure  are  possible  which  approximate  all  known  light  aircraft  aeat  types. 
SOMLA  also  predicts  impact  between  the  aircraft  interior  and  occupant  as  well  as  calculates  the  relative 
velocity  of  impact.  In  addition  to  occupant  segment  positions,  velocities,  and  accelerations,  SOMLA  out- 
puts: restraint  system  loads;  cushion  loads;  aircraft  displacement,  velocity,  and  acceleration;  seat 
deflections;  floor  reactions;  and  injury  criteria  (DRI,  Gadd  Severity  Index,  and  the  Head  Injury  Criterion 
of  Federal  Motor  Vehicle  Safety  Standard  208).  The  emphasis  by  the  developer  on  program  efficiency  is 
reflected  by  the  relatively  low  CPU  times  reported  in  Reference  18,  e.g.,  60  seconds  of  CDC  6600  CPU  time 
for  .150  second  of  solution  time  for  simulation  of  a 44-ft/sec  longitudinal  impact  using  a rigid  seat 
model.  The  FAA  Civil  Aeromedical  Institute  has  been  performing  a test  program  since  1977  to  provide  a 
broad  data  baae  for  validation  of  SOMLA  and  in  particular  to  evaluate  model  accuracy  for  cases  involving 
plastic  deformation  of  the  seat.  Data  from  the  first  series  of  40  tests  is  provided  in  Reference  19. 

Forward  impact  and  combined  forward  and  downward  loading  impact  tests  were  performed  using  a rigid  seat 
pan  and  back  with  deformable  seat  legs.  SOMLA  has  been  used  to  simulate  the  crash  impact  behavior  of  an 
energy  absorbing  seat  for  the  Bell  Helicopter  Textron  Model  222  commercial  helicopter.  The  FAA  CAMI 
dynamically  crash  tested  two  of  these  seats.  Correlation  between  the  SOMLA  predictions  and  the  CAMI  test 
data  is  presented  in  Reference  18.  This  model  appears  promising  for  use  as  a design  tool,  considering  its 
efficiency,  the  validation  effort  underway,  its  versatility,  and  ongoing  FAA  efforts  to  improve  the  seat 
structure  model. 

The  crashworthy  armored  crew  aeat  for  the  UH-60A  BLACK  HAWK,  shown  in  Figure  3,  was  structurally 
optimized  with  the  aid  of  the  finite  element  structural  analysis  computer  program  STARDYNE.  Analysis  of 
this  seat  with  a finite  element  computer  program  enabled  the  designer  to  provide  the  strength  required  by 
tSL-S-58095 (AV)  with  a seat  frame  weighing  only  52  pounds. 

Crashworthiness  technology  has  advanced  to  the  point  that  a crashworthy  seat  design  can  be  achieved 
with  little  or  no  weight  increase  in  comparison  to  the  noncrashworthy  seats  of  earlier  aircraft.  Although 
crashworthy  helicopter  seats  have  been  designed  and  tested  that  offer  vastly  improved  retention  strength 
and  vertical  crash-force  attenuation  characteristics  certain  to  reduce  the  probability  of  a seat  occupant 
injury,  the  validated  analytical  and  testing  tools  are  not  available  to  permit  the  determination  of  the 
probability  of  seat  occupant  injury  to  crash  impact  loading.  Because  seat  stroking  distance  is  limited 
(usually  from  7 to  17  inches),  the  seat  designer  and  evaluator  need  an  analog  to  predict  the  statistical 
probability  of  injury.  If  the  seat  crash  force  attenuation  behavior  is  to  truly  be  designed  to  minimize 
Injury,  then  an  analytical  tool  is  needed  which  the  designer  can  use  to  determine  the  sensitivity  of  the 
cumulative  probability  of  injury  of  the  potential  occupant  population  as  a function  of  seat  variables. 

The  cumulative  probability  of  injury  analyses  documented  in  References  15  and  16  are  examples  of  the  type 
of  analysis  needed;  however,  only  vertical  forces  were  considered  and  the  DRI  was  used  in  these  studies. 

The  DRI  was  developed  snd  validated  fot  ejection  seat  injury  analysis.  Because  of  the  combined  loading, 
the  varying  pulse  shapes  with  onset  rates  an  order  of  magnitude  greater  than  ejection  seats,  the  multiple 
impact  pulses  during  a craah,  and  the  difference  in  helicopter  and  fixed-wing  occupant  body  restraint, 
the  probability  of  craah  Injury  predicted  by  the  DRI  must  be  considered  suspect. 

There  is  also  a need  for  the  aviation  R4D  community  to  develop  and  validate  an  anthropomorphic  dummy 
capable  of  simulating  human  response  to  three-dimensional  impact,  and  in  particular,  impulsive  loading  of 
the  crash  impact  type  parallel  to  the  spine.  Although  extensive  effort  has  been  expended  by  the  automotive 
R4D  community  on  anthropomorphic  dummies,  these  simulators  have  been  designed  and  tested  for  accurate 
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rcspontt  to  loading  normal  to  the  apine,  not  parallel.  Furthermore,  the  anthropometry  of  the  military 
population  varlea  from  that  of  the  civilian  population.  The  need  for  euch  a validated,  repeatable, 
atandard  dummy  ia  illuatrated  by  the  propoaed  craahworthy  troop  seat  teat  criteria  of  Reference  5,  The 
injury  criteria  of  Figure  2 are  baaed  on  acceleration  history  tneaaured  at  the  seat  pan  of  a crew  seat; 
however,  the  typical  troop  aeat  ia  fabric  over  a tubular  frame,  thereby  preventing  meaningful  seat  pan 
acceleration  aeaaureoente.  Thia  neceaaltate*  the  uae  of  dummy  accelerometer  data  to  show  compliance  with 
Figure  2,  A high-fidelity  dummy  ia  required  for  auch  compliance  teating,  but  such  a dummy  ia  yet  to  be 
designed. 

Prior  to  the  design  of  the  moat  aimple  anthropomorphic  dummy,  the  anthropometry  and  mass  distribution 
of  the  live  human  being  duplicated  must  be  known.  Thia  data  is  not  available  for  US  Army  personnel,  and 
to  our  knowledge,  it  ia  not  available  for  other  populations  either, 

MASS  DISTRIBUTION  AND  MECHANICAL  PROPERTIES  OF  THE  50TH  PERCENTILE  US  ARMY  AIRCREW 

Several  authors  have  reported  the  distribution  of  mass  in  cadavers  and  in  living  subjects  (References 
20  through  24),  The  correlation  of  these  individual  studies  to  the  entire  population  or  to  selected  groups 
has  not  been  attempted  to  the  beat  of  our  knowledge.  The  relation  of  the  anatomical  dimensions  of  Refer- 
ence 20  to  the  mass  distribution  of  cadavers  as  reported  in  References  21,  22,  and  23  is  reported  herein. 

In  addition,  the  isolated  vertebral  compressive  strength  and  deformation  properties  of  the  lumbar,  thoracic, 
and  cervical  segments  as  reported  by  Kazarian  in  Reference  24  are  extracted  and  expanded  on  the  basis  of 
more  recent  tests  conducted  at  the  same  laboratory.  The  deformation  of  the  pelvis  and  skull  due  to  Cz 
(headward)  load  ia  also  estimated  on  the  basis  of  related  tests  on  the  skull  at  Wayne  State  University , (25) 

The  anthropometric  survey  of  1482  Army  aircrewmen  of  Reference  20  was  studied  to  determine  which 
dimensions  could  be  related  to  the  dimensions  found  from  the  dissection  of  cadavers.  The  anthropometric 
dimensions  of  value  for  this  purpose  are  shown  in  Table  V.  The  lengths  of  the  arm  and  leg  bones  were 
taken  from  the  Reference  21  study.  The  average  value  of  the  stature  of  the  six  cadavers  used  in  the 
Reference  21  study  was  only  1,4  percent  less  than  that  of  the  50th  percentile  male  found  in  the  Reference  20 
study.  Since  the  stature  difference  ia  small,  it  appears  to  be  feasible  to  use  a simple  ratio  of, stature 
to  translate  the  cadaver  dimension  to  the  desired  50th  percentile  size.  Baaed  on  this  rationale,  skeletal 
joints  and  landmarks  are  illustrated  in  Figure  10, 

It  should  be  noted  that  the  upper  leg  (femur)  bone  was  lengthened  by  1.0  cm  and  that  the  lower  leg 
(fibula  and  tibia)  bones  were  shortened  by  1,0  cm  from  the  values  found  for  the  Reference  21  cadaver  study. 
This  change  was  required  to  properly  match  the  buttock-knee,  buttock-popliteal,  and  floor-knee  dimensions 
found  on  the  1482  live  subjects  of  Reference  20.  Considering  the  small  number  of  cadavers,  the  change 
appears  to  be  reasonable.  Other  than  this  change,  all  other  dimensions  are  compatible  between  the  two 
studies.  The  lengths  of  cervical,  thoracic,  and  lumbar  vertebrae  are  determined  by  an  average  of  anatomy 
drawings  and  by  the  cervical  height  given  in  the  anthropometric  datn.(2°)  The  pelvic  depth  was  determined 
by  subtraction  of  head  depth  and  spinal  column  length  from  sitting  height. 

In  the  interest  of  simplification  and  economy,  the  spinal  column  is  divided  into  8 segments  instead 
of  24.  This  reduction  is  believed  to  be  justifiable  because  of  the  small  number  of  cadavers  studied  to 
date. 

The  thoracic  vertebrae  are  separated  into  groups  of  three  and  the  lumbar  vertebrae  into  groups  of  two. 
The  distribution  of  mass, -shown  in  Figure  11  for  a seated  50th  percentile  torso,  is  based  on  segmentation 
of  the  body  in  accordance  with  References  21,  22,  and  23.  The  average  body  weight  of  the  1482  live  subjects 
was  77,35  kg,  while  average  total  body  weight  of  the  six  cadavers  in  Reference  21  was  65.17,  i.e.,  15.7 
percent  less  for  Che  segmented  cadaver  weight.  Thus,  it  is  assumed  that  the  weight  of  segments  in  a 50th 
percentile  male  con  be  determined  by  usinR  the  ratio  of  live  subject  weight  to  the  segmented  cadaver 
weight,  especially  since  their  statures  were  so  nearly  identical.  The  mass  distribution  of  body  segments 
ia  also  presented  in  Table  VI. 

It  should  be  noted  that  good  agreement  Is  found  between  the  knee  height  and  popliteal  height  relative 
to  the  calf  and  foot  bone  length  found  in  Reference  21,  The  same  can  be  said  for  the  relation  between  the 
femur  (thigh)  bone  and  the  buttock-to-knee  and  buttock-to-popliteal  lengths. 

The  arms  of  the  seated  body  are  Illustrated  in  Figure  12  in  a relaxed  position  with  hands  resting  on 
the  knee.  The  eenter-of-gravity  locations  of  the  arm  and  hand  segments  shown  in  Table  VI  are  compatible 
with  Figure  12,  Tills  arm  position  is  considered  to  be  typical  location,  and  it  is  suggested  that  it  be 
used  as  a standard  in  all  croslvworthy  sent  testing.  It  may  be  assumed  that  the  arm  is  attached  to  the 
first  two  segments  of  vertebrae,  T1-T6,  for  determination  of  load  in  the  spinal  column.  The  legs  of  the 
seated  body  in  Figure  12  are  shown  with  the  center  of  the  femur  head  horizontal  with  the  center  of  the 
assumed  knee  hinge.  The  location  of  the  knee  hinge  point  Is  1 to  2 centimeters  Into  the  femur  (hip)  bone 
from  the  femur-tibia  (entf)  Interface  point.  Separation  of  thlgh-to-cnlf  segments  at  this  location.  In 
accordance  with  Reference  21,  is  desirable  because  the  moving  segments  for  the  ZX  plane  do  move  about  this 
hinge.  The  thigh  is  segmented  from  the  pelvis  by  a cut  through  the  femur  (socket)  head  ns  outlined  in 
Reference  21.  Again,  this  segmentation  appears  to  he  reasonable  because  the  mass  of  the  thigh  does  move 
about  the  pelvis  along  a diagonal  plane  to  the  femur  hone  rather  than  a perpendicular  plane.  Note  that 
the  mass  of  the  pelvis  Is  relatively  low,  just  Rllghtly  more  than  the  mass  of  one  thigh,  l.e,,  8,89  kg 
versus  7,91  kg. 

Accurate  strength  and  deflection  properties  of  the  seated  human  torso  when  exposed  to  inertial  loads 
are  urgently  needed.  The  authors  have  attempted  to  collect  the  available  data  from  Kazarian  and  Hodgson 
(References  24  and  25)  for  the  head,  and  spinal  column  exposed  to  a Z-nxis  load.  Kazarian's  data  for  this 
Isolated  spinal  vertebra  minus  any  disk  effect  Is  shown  in  Figure  13.  Reference  24  contains  thoracic 
vertebra  data  only;  the  cervical,  lumbar,  and  pelvis  data  were  extrapolated  based  on  personal  eommunlea- 
t ions  with  Dr.  Kazarian  In  September  1978.  The  strength  and  stiffness  properties  In  Figure  13  are  based 
on  the  highest  loading  rate  used  by  Dr.  Kazarian  (89  cm/sec)  In  his  tests.  This  loading  rate  revealed 
strength  mul  stiffness  values  more  than  twice  those  found  In  the  qunsl-stntlc  tests;  therefore,  only  the 
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high* at  load  rata  propsrtias  (which  ara  applicable  to  crashworthiness)  are  shown  in  Figure  13,  A study 
ol  the  actual  load  and  deformation  raw  data  showed  that  the  stiffness  of  the  vertebra  contained  three 
different  alopea  aa  illustrated  by  a typical  curve  in  Figure  14,  These  three  slopes  were  interpolated  for 
the  thoracic  data  in  Figure  13  and  the  cervical,  lumbar,  and  pelvis  were  extrapolated,  but  consideration 
was  given  to  the  data  obtained  by  King  in  Reference  26,  It  was  assumed  that  the  vertebra  would  "bottom 
out"  at  approximately  50  percent  deformation;  thus,  a "bottoming"  slope  was  assumed  to  be  90,000  Ib/in, 
for  all  vertebrae. 

It  la  interesting  to  observe  the  load  versus  deformation  properties  of  a typical  isolated  human 
vertebra  in  Figure  14,  particularly  the  feet  it  contains  a "yield"  point  similar  to  common  structural 
steel,  If  furthar  research  shows  this  curve  to  be  truly  "typical"  of  live  skeletal  vertebrae,  it  ia 
MHibla  le  uia  *h«  aplRil  difemasieH  aiimflt  in  a last  dummy  or  math  mods l aa  s pax*. fall  prisarlmi  fur 
load  In  Ihs  apina,  baeauaa  paak  load  haa  a fixed  relation  to  the  deflection.  Prior  to  such  use,  the 
irreversible  injury  point  must  be  eetebliehed  on  the  curve;  i.e,,  how  far  can  the  vertebra  be  deformed 
and  atill  recover  without  permanent  damage? 

The  data  in  Figure  13  ere  extrapolated  further  in  Figure  15.  This  figure  shows  the  total  load  and 
deformation  for  the  head,  the  vertebra-disk  combination,  and  the  pelvis.  This  data  is  presented  as  "food- 
for-thought"  only;  it  is  realized  that  further  research  is  necessary  before  such  data  can  be  used  with 
confidence.  Nonetheless,  Figure  15  illustrates  the  point  that  the  load-deformation  characteristics  of 
the  spinal  column  are  definitely  not  simulated  by  a single  stiffness  linear  spring.  It  is  proposed  that 
the  format  illustrated  in  Figure  15  be  used  by  future  modelers  and  bone  researchers,  i.e,,  the  segmenta- 
tion of  tha  apinal  column  into  8 groupings  rather  than  24.  Note  in  Figure  15  that  the  stiffness  values 
of  tha  middle  slope  are  reduced  in  some,  areas  because  a greater  length  with  more  vertebrae  are  involved, 

CONCLUSION 

Helicopter  seat  and  restraint  systems  have  been  developed  that  will  restrain  the  occupant  throughout 
tha  95th  percentile  survivable  Army  helicopter  accident  and  possess  crash  energy  absorption  features  to 
reduce  the  incidence  of  back  injury.  Notwlthetandlng  these  major  hardware  improvements,  there  is  a press- 
ing need  for  validated  anthropomorphic  dummies  for  crash  testing.  Of  no  leas  importance  is  the  need  for 
better  criteria  for  human  tolerance  to  crash  impact  decelerative  loading.  Specifically,  the  seat  designer 
and  evaluator  need  an  analog  that  will  predict  the  statistical  probability  of  injury.  A "standard"  set  of 
anthropometric  and  mass  distribution  data  describing  several  sizes  of  aircrewmen  is  needed.  A validated 
crashworthy  seat  occupant  mathematical  model  is  needed  with  the  capability  to  predict:  (1)  seat  and  occu- 
pant dynamic  response  to  three-dimensional  crash  impact,  and  (2)  the  probability  of  occupant  injury  to 
multi-axis,  crash  impact, 
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TABLE  IV.  CRASHWORTHY  SEAT  ULTIMATE  STATIC  LOAD 
FACTORS 


LOAD  DIRECTION 

CREW  SEAT  LOADS  (G) 

TROOP  SEAT  LOADS  (G) 

WITH  RESPECT 

TO  AIRCRAFT 

MIL  S 5822* 

(1957) 

MIL  S 58096 

(1971) 

MILS- 27174* 

Type  1 (I960) 

MIL  STD  1290 

(1974) 

Forward 

8.0 

35.0 

1.1 

30.0 

Aft 

5.0 

12.0 

- 

12.0 

Down 

15.0 

48.0 

10.0 

48.0 

Up 

7.5 

8.0 

- 

8.0 

Side 

10.0 

20.0 

3.0 

20.0 

* For  comparison  purposes,  the  ultimate  static  loads  presented  in 
MIL  S 5822  and  MIL  S 2714  have  been  converted  to  load  factors  in  terms 
of  G,  based  on  a 199.7  lb  occupant. 
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Flgura  V.  Analytical  Raprasantatlon  of  Saatad  Subj#ct.(l6) 


•i  mt 


Fljura  10.  Standing  Ikalatal  Joint  and  laniftasrti  Location*  Ratad  on  Anthro- 
paaMtrlc  and  Cadavar  Maaauraaant  from  kafarancat  JO  Jl. 


TABLE  V.  ANTHROPOMETRIC  DATA  FOR  US  ARMY 
AIRCREW  PERSONNEL* 

________ 


5TH 

BOTH 

95TH 

a.  Weight  - Kilogram* 

60,37 

77.35 

96  00 

b.  Height  ■ Centimeter*  (cml 

164.18 

174,58 

185  02 

c.  Cervical  Height  (cm) 

139  77 

149  68 

159.51 

d.  Head  ft  Neck  t 'eight  (cml** 

25  41 

25.90 

26  51 

e.  Sitting  Height  !cm) 

(Seat  Cushion  to  Top 
of  Head) 

86  66 

90.90 

96  30 

f.  Thigh  Clearance  Height  (cm) 

12.41 

1471 

17.04 

g.  Knee  Height  Icm) 

48  91 

52.93 

57  40 

h.  Popliteal  Height  (cm) 

38  38 

42.23 

46  56 

i.  Buttock-Popliteal  Length  (cm) 

44  86 

48  07 

53.41 

j.  Buttock-Knee  Length  (cml 

56  91 

60  IS 

64  58 

* Data  taka  ,i  from  Rafaranca  20 

" Thia  dimanaion  obtamad  by  >ubtr action  of  carvical  height  from  ttatura  and  adding  f cm  for  a 
portion  nf  C 7 uartnbra  thtcknaaa 


Figure  ii 


Mass  Distribution  of  Seated  Torso  Referenced 
to  the  Skeletal  Structure. 


TABLE  VI.  CENTER  OF  MASS  DISTRIBUTION  OFSEATED 
TORSO  - BOTH  PERCENTILE  MALE 


SEGMENT 

WEIGHT 

BODY  SEGMENT  IDENTITY  IKILOGRaMS) 

Z AXIS 

LOCATION 

(CM)* 

X AXIS 

LOCATION 

(CM)** 

Head 

4.74 

776 

10  1 

Neck (C1-C7) 

1.63 

71.3 

9.7 

Upper  Thoracic  (T1-T3) 

4.07 

62.4 

10.0 

Upper  Mid  Thoracic  (T4-T6) 

4.07 

56.6 

9.7 

Lower  Mid  Thoracic  (T7-T9) 

466 

48.1 

11.2 

Upper  Arm 

4.44 

43.S 

12.2 

Lower  Thoracic  (T10-T12) 

5.29 

40.2 

13  0 

Lumbar  (LI  and  L2) 

4.48 

31.8 

13.2 

Lumbar  (L3  and  L4) 

4.87 

24.5 

13.1 

Forearm 

2.62 

246 

23.7 

Lumbar  (LSI 

2.S2 

19.0 

12.2 

Hand 

0.92 

16.3 

46.1 

Pelvis 

8.89 

13.0 

11,2 

Thigh  (Hipl 

15  83 

7,6 

272 

Calf 

638 

8 6 

56.0 

Foot 

1 99 

37,1 

■9.0 

TOTAL 

77.40 

* Location  la  based  on  floor  laval  of  zero  with  50th  parcant  mala  haad 
crown  aqual  to  reference  llna  of  174  6 cm, 

**  Location  la  based  on  aaat  back  with  rafaranca  llna  aqual  to  zaro,  Saat 
back  la  parpandicular  to  caat  bottom,  and  torso  touchas  saat  back  at 
haad,  ahouldars,  and  buttocks. 


SITTING  HEIGHT-CENTIMETERS 


Figure  12,  Sitting  Skeletal  Joint  Locations  Based  on  Anthropometric 
and  Cadaver  Measurement  and  Interpolations  From 
References  20  Through  24. 
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Figure  13*  Proposed  Average  Load  Versus  Deformation  Properties 
of  t he  isolated  Vertebral  Centrum 
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Figure  IS.  Hr opoied  Z Axl ■ Load- Or t o mat  Ion  Properttea  of 
the  Human  Skull,  Cervical  Vertebra,  Hioractc 
Vertebra,  Lumbar  Vertebra,  and  Pelvta, 
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DR.  H.  VON  OIERKE  (USA) 

In  what  respect  would  the  model  you  envision  differ  from  the  one  Dr,  Bely tschko 
presented  yesterday?  It  includes  the  same  data  from  Kazarian,  It  includes  the 
same  anthropometric  data  to  the  extent  that  they  are  being  needed  for  the  model, 
so  I think  what  is  primarily  needed  is  to  exercise  it  for  your  particular  condi- 
tion, 

AUTHOR'S  REPLY  (MR.  J.  L.  HALEY,  USA) 

The  key  thing  that  we're  trying  to  get  across  is  that  right  now  there  is  no 
standardisation  of  anthropomorphic  dummies,  there  is  no  standardization  of  the  mass 
distribution  and  the  anatomical  distribution  for  man.  Consequently,  every  time 
that  we  see  a model  illustrated  it  is  stated  to  be  based  on  some  cadaver  study 
somewhere.  We  are  proposing  that  we  get  together  and  decide  what  is  a "standard 
man , " 

AUTHOR'S  REPLY  (MR.  0.  T.  SINOLEY,  USA) 

We  found  Dr.  Belytschko's  model  and  the  work  he  has  published  so  far  to  be  very 
attractive  for  this  type  of  application.  But  as  we  heard  yesterday  we're  still 
quite  far  from  having  a validated  model.  Unfortunately,  we're  in  the  process  right 
now  of  qualifying  hardware  and  have  to  determine  whether  we  are  in  fact  minimising 
injury.  We  are  just  putting  out  a plea  for  an  accelerated  development  of  that 
type  of  model  and  other  models. 
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HAN,  DUMMY,  TEST  VEHICLE 
A comparison  of  test  results  for  escape  systems  with  the 
3 different  test  methods 
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SUMMARY 

To  prove  the  validity  of  experimental  results  gained  with  dummies  or  test  vehicles  for  the  qualification 
of  man  carrying  parachutes  series  of  tests  were  conducted  with  parachute  jumpers  and  their  2 analogues: 
rubber  torso  dummies  and  bomb  shaped  test  vehicles  (Fig.  1). 

The  results  for  the  maximum  filling  force  (opening  shock)  show  significant  differences,  with  hignesc  values 
for  the  test  vehicle,  75  % less  for  the  rubber  dummy  and  an  additional  75  » less  for  the  man. 


LIST  OF  SYMBOLS 

n opening  shock  factor,  : F f / Rf 
Ff  maximum  filling  force 

WT  total  weight  of  load  and  parachute 

va  launch  velocity 

v,  a parameters 


INTRODUCTION 

Rubber  dummies  and  test  vehicles  are  analogues  for  the  testing  of  escape  systems  and  personell  parachutes. 
The  most  important  criteria  for  a parachute:  the  filling  behaviour  and  the  filling  force  history  with  its 
maxima  are  dependent  upon  the  attitude  at  the  time  of  opening,  the  connection  of  the  parachute  with  the 
load  end  the  rigidity  and  shape  of  the  load. 

For  the  breaking  strength  of  the  material  and  for  the  human  tolerance  the  maximum  filling  force  (opening 
shock)  is  the  limiting  factor. 

Since  all  tests  of  a new  development  are  made  with  a human  analogue  like  a dummy  or  a test  vehicle  the 
question  of  valiiity  of  the  test  results  for  the  human  jumpar  always  arises,  especially  for  the  meeting  of 
requirements  and  specif ieations. 

A number  of  comparison  tests  have  been  conducted  with  these  3 methods  and  the  same  parachute  system  to 
detect  ;he  deviation  in  test  results. 


TEST  METHOD  4 

All  teats  wara  drop*  or  juapa  from  an  aircraft.  Tha  Do  27,  Pembroke  or  Tranaall  wera  used  as  carriers  for 
tha  different  spaed  rengee. 

Tha  taat  vehiclss  tiara  fixed  at  a bomb  rack  undar  the  wing,  released , and  1,8  sac  after  drop  the  reer  lid 
was  pyrotecfmieally  blown  backwards.  It  pullad  out  a pilot  chute,  which  itsalf  pulled  the  parachute  to  line 
stretch  first,  with  th*  canopy  still  ttowad  In  an  innar  bag,  Aftar  tearing  a break  cord  the  lnntr  bag  was 
opanad  and  tha  canopy  pullad  to  stretch  by  the  pilot  chute  fixed  to  the  canopy  ver.:  lines. 
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The  jumpers  parachute  was  released  by  a timer  1.8  sec  after  jump.  It  opened  the  outer  pack  and  released 
a pilot  chute  which  then  operated  the  same  way  as  explained  under  the  test  vehicle  case. 

With  the  rubber  dummy  the  parachute  was  released  by  a static  line  which  remains  fixed  to  the  aircraft  with 

one  end  and  to  the  inner  bag  with  the  other  end,  thus  opening  the  outer  bag,  pulling  the  inner  bag  to  line 

stretch,  tearing  a break  cord  and  pulling  the  canopy  to  stretch  by  another  break  cord  fixed  to  the  vent 
lines  while  the  dummy  is  falling  away  from  the  aircraft.  The  inner  bag  remains  fixed  to  the  static  line 
and  therewith  to  the  aircraft  to  which  they  are  pulled  back.  This  is  the  normal  method  of  releasing  para- 
chutes {called  automatic  release  In  the  contrary  to  manual  release)  for  military  paratroopers  some  emer- 
gency rescue  parachutes  (e,  g.  for  gliders)  and  all  beginners  in  sport  parachuting.  There  is  a difference 
to  the  other  methods  In  the  stretch  position  (fig.  2),  which  is  the  initial  condition  for  the  filling 
period.  This  may  be  of  influence  to  the  filling  process  but  could  rather  cause  a delay  than  an  accelera- 
tion of  the  filling  time  and  so  not  be  responsible  for  the  higher  maximum  filling  force. 

At  all  3 configurations  the  outer  parachute  bag  is  opened  1.8  sec  after  drop  or  jump.  The  speed  of  the 

aircraft  at  drop  or  jump  was  kept  the  same  for  all  3 methods.  The  speed  of  vehicle,  dummy  or  jumper  at  the 

beginning  of  canopy  filling  however  may  be  slightly  different  due  to  the  different  drag  coefficient  and 
drag  area  of  the  3 different  bodies.  With  lowest  drag  coefficient  and  area  the  bomb  shaped  test  vehicle 
will  have  lost  only  little  of  its  speed,  the  jumper  who  performs  a high  drag  frog  position  will  loose  more. 
The  dummy  which  falls  unstable  after  it  slides  out  of  the  door  of  the  aircraft  probably  lies  between  the 
other  two. 

The  drop  altitude  was  300  m above  ground  in  all  the  cases.  Parachute  was  a standard  circular  flat  with  a 
nominal  diameter  Dq  = 8.6  m and  28  gores  (CP-8. 6-28).  It  was  connected  with  the  dummy  and  the  man  by  a 
harness  and  with  the  test  vehicle  at  a central  point  of  the  structure. 

TEST  RESULTS 

The  experimental  results  were  evaluated  with  emphasis  to  the  problem  how  the  maximum  filling  forces 
(opening  shocks)  of  parachutes  with  different  load  configurations  could  be  presented  in  a mathematical 
formula. 

At  first  the  opening  shock  factor 


was  calculated  from  the  results  and  plotted  as  a function  of  the  launch  velocity  vg . Figures  3,  4,  5 show 
that  n is  only  dependant  upon  the  launch  velocity,  and  not  upon  the  suspended  load.  This  is  valid  as  well 
for  the  man  as  for  the  dummy  and  for  the  test  vehicle. 

Using  the  method  of  least  square  fit  a number  of  formulas  were  tried,  the  best  result  was  gained  with  the 
following; 


(2) 


n = vCl  + avl 
a 


It  contains  the  parameters  v and  a which  had  to  be  determined.  The  values  received  for  the  parameter  a by 
the  method  of  least  square  fit  were  in  good  agreement  for  all  3 configurations:  man,  dummy  and  test  vehicle 
Its  value  is  0.0003  if  v#  is  used  in  m/sec.  Then  formula  2 can  be  written  as: 


(3) 


n remains  dimensionless  in  this  equation. 
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Using  formula  (3)  again  for  the  determination  of  parameter  v with  the  method  of  least  square  fit  the 
following  values  were  received: 

for  the  man  =3,4 

For  the  dummy  vQ  = 4,6 

for  the  test  vehicle  vV  1 6*0 

These  values  were  received  by  a stronger  consideration  of  the  variance  to  higher  values.  This  gives  regard 
to  the  safety  of  the  parachute, the  strength  of  which  is  affected  more  by  the  high  forces. 

It  follows  from  formula  (3)  that  the  ratio  of  the  opening  shock  factors  for  the  3 configurations  is  inde- 
pendant upon  the  launch  velocity  v^.  This  makes  a simple  evaluation  and  transversion  of  results  possible 
using  the  relationship: 

(M)  vH  '«  VD  : vy  = 3.4  : 4.6  : 6.0 


It  can  be  seen  from  this  ratio  and  from  figure  6 that  the  opening  shock  factor  n for  the  dummy  is  approxi- 
mately 75  % of  the  one  for  the  test  vehicle.  The  n for  a man  is  again  approximately  75  % of  the  one  for 
the  dummy , 


CONCLUSION 

For  the  testing  of  parachutes  rubber  dummies  as  well  as  test  vehicles  can  be  used  as  human  analogues. 
Using  the  method  of  least  square  fit  a relatively  simple  mathematical  formula  was  found  which  describes 
the  opening  shock  factor  versus  launch  velocity  curve.  The  3 curves  for  man  dummy  and  test  vehicle  differ 
only  by  a factor.  Therefore  values  for  the  man  can  be  easily  calculated  from  experimental  results  gained 
with  dummies  or  test  vehicles. 


REFERENCES 

Melsig,  H.-D.  Fallschinntechnik  und  Bergungssysteme 

DLR-Mitt.  69-11,  1969 


DUMMY 


Filling  factor  n versus  launch  velocity  va  Filling  factor  n versus  launch  velocity 


TEST  VEHICLE 


Filling  factor  n versus  launch  velocity  va  Filling  factor  n versus  launch  velocity 
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DISCUSSION 


DR,  MEIER-DORNBERQ  (PRO ) 

Have  you  tried  to  explain  this  factor  v by  Home  kind  of  refiilieney  of  the  whole 
system1?  tt  may  be  an  easy  plain  relation  betweeh  resilience  of  the  whole  system, 
for  ir  stance,  man  or  resilience  In  the  parachute  and,  your  correction  number  v 
I thin;., 

AUTHOR'S  REPLY 

As  I said,  my  explanation  Is  that  the  main  difference  lies  in  the  rigidity  and 
elasticity  differences  between  these  three  bodies.  I think  that  this  is  the  most 
important  factor, 

DR.  MEIER-DORNBERG  (PRO) 

It  should  be  possible  to  calculate  the  resiliency  of  the  systems  and  get  curves 
for  n without  measuring  them, 

DR.  VON  GIERKE  (USA) 

.1  think  before  you  look  to  the  resiliency  of  the  bodies,  the  data  should  be 
adjusted  for  constant  drag.  We  know  and  you  have  said  yourself  that  the  jumper 
adjusts  to  minimum  drag. 

AUTHOR'S  REPLY 

We  tried  to  eliminate  this  by  opening  the  parachute  very  early,  1.8  seconds  after 
launch  velocity.  The  launch  velocity  was  the  same  for  all  three  bodies.  Then 
one  has  only  the  difference  between  the  3 bodies  which  develop  during  the  1.8 
seconds  and  this  difference  can  be  neglected  because  it  is  small.  We  looked  into 
these  things,  the  different  attitudes,  and  the  difference  in  velocity.  The  impor- 
tant velocity  would  be  the  velocity  at  time  of  snatch  when  the  lines  are  stretched 
and  the  parachute  begins  to  Inflate.  This  velocity  is  within  a very  narrow  range 
if  you  open  the  parachute  very  early.  It  would  be  different  if  you  would  let  them 
fall  10  seconds  and  you  would  have  to  take  this  into  consideration.  We  made  lots 
of  measurements  so  we  are  really  sure  that  we  can  neglect  the  velocity  differences. 

DR.  VON  GIERKE  (USA) 

Do  you  have  wlndtunnel  measurements  of  the  drag  of  the  three  bodies? 

AUTHOR'S  REPLY 

We  have  wlndtunnel  measurements.  But  the  problem  is  that  If  you  drop  the  dummy  it 
is  hard  to  predict  which  attitude  it  takes  and  if  the  man  Jumps  he  normally  does 
not  do  what  you  tell  him  to  do.  So  you  have  some  scattering  due  to  these  factors 
and  wlndtunnel  data  don't  bring  you  much  farther.  I really  believe  that  the  main 
difference  we  see  - a 25%  reduction  for  the  dummy  and  another  25%  reduction  for 
the  man  - is  caused  by  the  rigidity  differences  and  the  moving  masses  of  the  man, 

DR.  VON  GIERKE  (USA) 

I think  this  particular  situation  could  be  relatively  easily  simulated  with  the 
articulated  total  body  model  discussed  by  Mr.  Kaleps  where  the  friction  of  the 
restraint  system  over  the  body  is  incorporated  into  the  model. 

HENRY  JEX  (USA) 

In  work  done  some  years  ago  with  Dr.  Theo  Knacke  at  El  Centro,  California,  similar 
results  (with  regard  to  maximum  snatch-loads)  were  obtained;  therefore,  I agree 
with  many  of  Mr.  Melzig's  conclusions.  Analyses  of  snatch  load  dynamics  have  been 
made,  and  It  turns  out  that  the  opening  geometry  versus  time  is  dominated  by  the 
"apparent  mass"  terms  of  the  air  which  accelerates  the  canopy,  and  which  exceeds 
the  canopy  mass.  Therefore,  canopy  weight  and  design  details  are  not  as  important 
as  the  initial  canopy  geometry,  which  determines  the  subsequent  filling  dynamics. 

The  filling  process  tends  to  be  invariant  with  respect  to  spatial  distance  traveled, 
therefore,  explaining  the  shorter  duration  of  snatch-forces  at  higher  speeds.  How- 
ever, the  aerodynamic  wake  of  the  leading  body,  dummy  or  flailing  human  are  often 
different  and  increase  the  filling  times  (and  thereby  reduce  the  peak  loads). 

Could  this  be  the  reason  for  your  different  v factors? 
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AUTHOR'S  REPLY 

You  are  completely  right.  This  difference  In  the  wake  is  Included  in  the  param- 
eter  v.  It  is  hard  to  tell  how  much  this  contributes,  but  I don’t  thlnK  It  Is 
much  In  the  speed  range  we  are  In,  If  you  go  to  higher  speeds  and  if  you  go  to  higher 
masses,  then  this  becomes  more  Important. 
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RESUME 


Dans  le  cadre  des  etudes  de  crash  d * hel icopterea t un  essai  avec  impact  reel  eat 
effectue  avec  pour  but  d'estimer  les  chances  de  survie  des  occupants,  d'ameliorer  la  re- 
sistance de  la  structure  et  de  realiser  un  modele  mathemat  ique  de  structure  anticrash. 

L’helicoptere  Gazelle  SA  341  est  largue  sur  le  sol  avec  des  vitesses  horizon- 
tala  et  verticals  de  meme  grandeur. 

Outre  les  differents  capteurs  fixes  sur  la  structure,  trois  mannequins  anthropo- 
morphiques  installes  dens  l'appareil  represent. -,nt  le  pilote,  le  copilote  et  un  passager 
sont  equ’ncs  d 1 act  el erome t res  places  dans  la  tete,  le  thorax,  le  bassin  et  une  jauge  de 
contrainte  est  disposes  dans  la  region  dorso-lombaire  du  pilote. 

A l'issue  du  crash  l'expertise  des  dommages  structuraux  eat  realises.  Les  acce- 
lerations aubies  par  les  occupants  sont  donnees  sur  des  courbea  intensity  en  function  du 
temps. 


D'unc  faqon  generals,  les  accelerations  les  plus  rmpjrtantes  sont  sur  l'axe  Z 
et  se  aituent  entre  25  et  30  g pour  des  durees  de  l'ordre  de  20  ms  avec  un  jolt  .moyen  de 
lOOO  g/s  et  une  compression  vertebrate  de  pres  de  400  daN. 

Suivant  l'axe  X les  accelerations  sont  moindres,  elles  ne  depaasent  pas  15  g. 

Selon  touts  vraisemblance , lea  denssages  corporals  des  occupants  seraieut  loca- 
lises sur  la  colonne  dorso-lombaire  (fracture-tasaement).  Par  manque  de  donness,  Ins 
lesions  eventuellement  infligees  a la  colonne  corvicale  busse  (C r - C_)  par  le  "coup 
du  lapin"  ne  sont  pas  parfaitement  connues.  5 * 

INTRODUCTION 

Dans  le  cadre  des  etudes  entreprises  sur  la  vulnerability  des  helicopteres ,a  la 
demands  du  Service  Technique  de  1 'Aeronaut ique,  un  crash  d'heiicoptere  Gazelle  SA  }4l 
est  effectue  par  1 'Aerospatiale  et  le  Centre  d'Essais  Aeronautique  de  TOULOUSE  (C.E.A.T.) 
en  collaboration  avec  le  Centre  d'Essais  des  LANDES  (C.E.L.)  et  le  Centre  Aeroporte  de 
TOULOUSE  (C.A.P.).  Cet  essai  a pour  but  d'estimer  les  possibilites  de  survie  pour  les 
occupants,  d'etudier  la  resistance  de  la  structure  et  de  realiser  a plus  ou  moins  longue 
echeance  un  modele  mathematique  d'une  structure  d'heiicoptere  resistunteau  crush.  Le 
Laboratoire  de  Medecine  Aerospatiale  du  Centre  d'Essais  en  Vol  est  charge  d'apprecier 
les  chances  de  survis  de  l 'equipage. 

1.  - Conditions  de  1* essai. 

Les  conditions  retenues  sont  celles  qui  consistent  a realiser  la  crarh  rencon- 
tre le  plus  frequerament , a savoir  un  impact  symetrique  sur  un  terrain  plat  et  degage  i 
sol  en  terre  compactee  avec  un  coefficient  de  frottement  suffisant  pour  developper  une 
acceleration  vers  l'avant  sans  avoir  de  vitesses  trop  eloveea  et  une  distance  d'arrAt 
trop  grande.  La  Vitesse  d' impact  choisie  est  de  8,49  m/a  sous  un  angle  de  45*,  ce  qui 
necessite  un  vecteur  Vitesse  horizontal  Vx  de  6 m/s  et  un  vectaur  Vitesse  vertical  Vz 
do  6 m/s  impliquant  une  hauteur  de  chute  de  3,67  m.  L' impact  doit  Aire  symetrique,  les 
pavrns  orientes  parall&lement  au  sol  avec  successivement  une  chute  guides,  puis  une  chu- 
te libre  representant  une  autorotation  manquee  ou  une  perte  soudaine  de  puissance.  La 
cellule  d'essai  dont  la  masse  est  de  1 730  kg  avec  centrage  neutre  est  retenue  par  trois 
c Abies  fixes  au  mAt  rotor  tt  kur  la  traverse  avant  de  1 'atterrisseur,  ce  qui  assure  une 
chute  a assiette  constants.  Un  quatrieme  cable,  fixe  ogalement  sur  la  tete  rotor  permet 
de  soulever  l'appareil  a la  hauteur  choisie  (3.<>7  m).  Au  largnge  ce  cable  est  detache 
de  l'appareil  par  un  delesteur  pyrotechntqus,  Afin  d'obtenir  un  impact  en  chute  libre, 
les  trois  cSbles  de  guidage  sont  ogalement  sepnres  de  la  cellule  au  moyen  d'un  disposi- 
tif  pyrotechnique , a 10  cm  du  sol,  sur  l'ordre  d'un  capteur  place  sous  le  patln  droit. 


i 
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2,  - Hoyens  de  mesure 

Les  ilminea  do  mmure  compreuuiit  different*  typos  do  capteure  (nccotoroaetres, 
j. luges  do  contrnintc,  capteurs  de  dep lavement  et  do  press  ion)  soot  places  sur  ta  struc- 
ture et  dans  trois  mannequins  anthropomorphiques  repr»senluiu  1 * equipage  et  un  passager, 
Panni  ios  3d  accelerometres  dont  la  plupnrt  aunt  du  typo  pieto  reaintif.  J mint  aiiucVa 
sur  le  planvhor,  nu  niveau  dos  ferrures  avant  et  urrisre  des  sieges  pilots  et  copilote, 
it)  jauges  metulliquea  classtques  rullees  sur  la  structure  permettent  de  mesurer  lent 
contraintes  et  les  efforts  exerees.  3 capteure  de  displacement  de  course  * JO  use  sunt 
egalement  places  sur  l’appareil.  Un  capteur  de  pression  a jauge  est  immergi  dans  la 
reservoir  pur  une  fixation  sur  l . boui  bon  de  fermeture.  Sa  vara  no  de  me  sure  est  comprise 
untie  O et  10G  bars. 

Le  mannequin  pilote  type  Sierra  50  pourcentile  est  equips  d1  aciirl e ruset res  triaxes 
XYZ  fixes  respec l i vement  datis  la  tote,  le  thorax  et  le  bassin  (fig.  t-2-j) . La  mesure  de 
la  compression  vertebrate  est  effectuee  au  niveau  dorso-lombaire  par  4 raniieiles  Ue  for- 
ce piece  elec  tri  ples  aver  ampl i f icateur  de  charge. 

Le  mannequin  co-pilote  type  Alderson  50  pourcentile  lie  dispose  quo  ds  deuc  tri- 
axes, 1 ‘un  Jans  la  tote,  1 ‘autre  dans  le  thorax. 

Le  mannequin  passager  type  Alderson  50  pourcentile  eat  equipe  settlement  de*  '£ 
blocs  d'accelirometres  biaxiaux  XZ , I'un  dans  la  tete,  1' autre  dans  le  bassin. 

Dans  la  zone  du  crash  sotit  implanteea  7 cameras  lb  mm,  4 latent  lament  our  le  cote 
droit,  1 trois  quart  avant  et  2 face  avant.  Lear  Vitesse  varie  entre  24i  et  80G  images 
par  seconds.  11  s’y  ajoute  une  camera  suppl  ementui  re  de  35  mm,  toumant  a 40  images  par 
seconds,  plucee  latent  lenient . line  autre  camera  lb  mm  a grand  angle,  toumant  a la  Vites- 
se de  40  images/seconde  est  fixbe  a l'intirieur  du  cockpit  sur  le  tableau  de  burrf.  Bite 
est  dirigee  face  aux  mannequins  pour  visual  iser  lours  displacements  eventuels  lore  du 
crash  (figure  4). 

Les  tensions  d ' at imentut ion  des  cupteurs  et  des  ampl  ificateurs  embarques  sunt 
transmises  par  fil  nvec  un  double  vheminement  depuis  les  doux  bates  de  mesure  ;;  les 
mesures  cheminent  egalement  par  fil.  L‘ enregi s tie. sent  eat  fait  en  uodulotion.  d«  frequen- 
ce sur  7 enregi st reurs  raagnetiques  synchronises  par  enregi streissnt  d'tut  moms  creneau 
avant  et  apres  l'impact.  Les  prises  de  vuo  sont  egalement  ay ncliront sees.  La.  bande  pas- 
sante  est  de  0 u 2000  llz  pour  tons  les  paranetres.  Les  mesures  sont  muserisees  apres 
essai,  a une  cadence  de  8.800  echantilions  par  seconds.  Biles  aunt  mwutte  fil  tries 
grace  a un  filtre  de  Fourier  de  bande  pasaante  0-100  Hz.  Pour  lea  •cceterametrem  places 
en  Z,  la  Vitesse  est  obtenue  par  integration  de  1 'acceleration. 

3.  - Dcroulement  de  l'essai 

Cet  essai  a lieu  f TOULOUSE  le  24  fivrier  1977  dans  le  grand  hangar  "Concorde" 
du  C.E.A.T.  Les  mannequins  revetue  d'une  comb i no i sou  de  vol  typo  cabins  ntraite  sail 
sans  casque  sont  installea  a bord  sur  leur  siege  respectif  : le  pilot*  eit  plot*,  avant 
droite  sur  un  siege  type  U K,  le  copilote  en  plucn  avant  gauche  eur  un  siegm  type-  ALAT, 
le  passager  en  place  arriere  droite  sur  la  banquette  dont  le  dossier  est  consti.tuo  par 
In  cloison  de  l'appareil.  11s  sont  alors  sang l is  pur  un  Itarnnia  a 4 points  pour  lo  pi  — 
lote  et  le  copilote  et  seulement  a 3 points  pour  le  passager-  (h-trnais  type  llli  ! c*in- 
turo  et  baudrier).  Sur  les  bretelles  d’ipnule  gauche  et  droite  du  pilots  sont  coTX'ie# 
des  jauges  de  contrainte.  La  ports  droite  de  1 ' hil icoptere  cat  enlevie  de  faqdn  it.  pou— 
voir  filmer  correctement  les  diplacemeata  des  occupants  (fig.  5). 

L'impact  s'effectue  dans  un  nuage  de  poussiere  sur  la  terre  cospactee  solan  le 
plan  indique.  Bn  effet,  los  erasures- montrent  que  les  vitesssa  obtenue  a a 1*  impact  sont 
pour  la  vitesse  horizantale  Vx  de  5,7  t 0,1  m/a  et  pour  la  Vitesse  verticals  Vz  de 
5,7  j.  0,1  m/a,  suit  une  vitesse  resultants  de  8,1  m/s. 

Sous  le  choc,  la  portiere  gauche  s'otivre  et  vient  battre  violemment  centre  la 
structure.  A la  simple  impression  visuelle,  on  distingue  not  foment  une  caesura  du  patin 
droit  et  un  affaiasement  du  plant  her  mini  qu'un  plissement  de  1*  partie  sayeiwe  de 
l'appareil.  Le  pilote  et  to  copilote  semblent  a ' enfonier  dans  leur  siege  etc,  lours  tdtea 
Atru  projeties  vert  l'nvant,  tnndu  que  le  crino  du  passager  para it  beurter*  le  plafond. 

4,  - Mosul tats 

L'expertise  des  digAta  montre  une  pinitrat  ion  de  la  fixation  turbine  done.  In 
"niche  a chien"  sur  one  hauteur  de  90  mm,  un  plissomont  de  la  petitte  de  queue,  un-  flam- 
bage  de  la  cloison  - dossier  derriere  la  banquette  passagers  et  des  cadres  sous  les  sie- 
ges, un  ecrasement  du  fond  de  la  struc  ture  de  80  mm  et  un  affaiasement  dee  poutres  de 
barque.  La  verriere  est  briars  dans  son  cadran  infirieur  droit,  Lea  SMnneq'tins  (pilote 
et  copilote)  sont  restas  assis  sur  leur  siege  et  aiicunn  partie  de  leurs  corps  n* est 
venue  heurter  le  tableau  de  bord  on  la  verriere  (fig.  b). 

A nnrtir  du  dipouillement  des  films  des  cameras  rapidea  et  dee  aesitre*  d'accele- 
ration  la  ehronologie  de  I'esaai  pent  Atre  etahlie  i 


U- 


O : I argage 

1,0*10  a : 'premier  contact  de  I *nt  t»m»»eur  aver  te  ml 

1,0*'0  3 : rapture  ile  1 ' at  terr  isseur 

1,120  3 : ec  rasemeiit  <!«>  la  structure  interieure 

1 , ih '(  s : flambage  tie  la  "loiatm  arriere  dc  lie  cabins 

1,170  A 1 ,2JO  s : fill  ile»  accelerations 

1,310  s : la  Vitesse  verticals  I'annule  apres  rebuild. 


Les  reau 1 tats  de»  mesures  effectuees  sur  1 a cellule  aunt  clonnea  pour  lea  accele- 
rations,pour  lea  mesures  de  contra  inte  et  d'effort  et  pour  lea  me  sure  s de  deplacement  et 
da  pression  sur  des  courboa  intensite  en  function  du  temps, 

Oe  mAme  lea  accelerations  subies  par  (’equipage  et  te  pasaager  aunt  representees 

sur  des  courbes  interval  te  en  function  du  temps  axe  par  axe  (seules  lea  plus  significati- 

ve* sont  reproduitea  ic i - planches-  7-8). 

Pour  1 ' acceleromet re  V place  dtina  la  tete  d i pilots,  les  reaultats  sont  inexplut- 
tables.  • '•  ' 

Cheque  courbe  eat  decoupee  de  2,5  en  2.5  *-  Chaque  tronqon  represents  un  plateau 
etementaire  d'aeceleration  en  fonction  du  taaps  ; cequi  permet  de  tracer  une  courbe  des 
plateaux  d' acceleration  en  fonction  du  temps.  A partir-  de  cette  courbe  nous  relevoni  lea 
valcurs  pendant  le  temps  O - 5 - 10  - 20  - J9  at  40  ms.  Lea  points  sont  alors  places  sur 

Is  dtagramme  de  tolerance  nux  accelerations  de  breve  duree  tlz  at  * Si  etabli  par  MEED 

*n  li)M,  Cette  operation  eat  repetee  pciur  chaque  mannequin.  fplinchea  9-10-tl  et  12) 

Pour  le  tiilote  aur  1 ' axe  Z la  points  d'aecelerat  ion  maxima  as  situe  au  niveau  du 
thorax  ft  32  g),  Pile  eat  encore  de  25  g pour  une  duree  de  20  ms.  Lea  points  releves  se 
trouvent  dans  la  zone  dite  de  blessurea  legates  bien  au-deld  de  la  limits  carac teri sti — 
que  du  siege  ejectoble  (plum  he  9).  La  tete  subie  egalement  des  accelerations  importantes 
2*1,5  g pendant  10  ms  et  20  g pendant  20  n. 

La  compression  vertebrate  meauree  ait  niveau  de  la  colonne  dorao- lomba  i re  eat  de 
l'ordre  de  400  duN. 

50  ms  apres,  cette  points  d' acceleration  eat  auivie  d'une  points  inverse  d'une 
intensity  3 fois  moindre.  liana  ce  ens  les  niveaux  d ' accel.ernt ian, auasi  bien  pour  le  tho- 
rax que  pour  la  tete  .correspondent  Sur  le  diagrams*  a une  zone  bien  an  deqa  de  celle  de 
1‘exposition  volontaire  studies  par  STAPH. 

51  l'on  considers  que  1 'acceleration  releves  nu  niveau  du  siege  ne  depasse  pne 
en  nuyenne  25  g,  on  constate  qu'il  j*  a simple  (renutee ion  an  niveau  du  baaaiu,  amplifi- 
cation au  nivenu  du  thorax  et  amort  lavement  au  niveau  de  la  tete  uu  l *nec elerat ion  eat 
vependunt  superieure  a l excitation  mitiale. 

Sur  1 1 axe  X les  acceleration*  rencontres*  sunt  de-  fa.ihle  intensite,  elles  sont 
toujours  Infer inures  a 10  g ! de  meme  les  mesures  d'effort  effectuees  aur  lea  bretelles 
du  hurnuis  sont  foibles  70  et  45  dnN.  Sur  le  diagrams#  cm  valeurs  prennent  place  dona 
une  zone  bien  au-deaaous  de  celle  de  I*  expos  it  tun  volontaire  n * ent  rnlnnnt  auctiit  trouble. 

Sur  l * axe  Y an  niveau  dll  basain  l 'acceleration  attaint  12  g. 

Pour  le  coni  lots  aur  1 * ..«»  /■  au  thorax,  la  points  attaint  2<i  g,  lea  different* 
plateaux  sont  de  24  g pendant  5 ms , de  19  g pendant  10  ms,  de  15.5  g pendant  20  «»,  ce 
qui  correspond  au  domains  du  siege  <•  jet-table.  (plaiifltr  10 ) 


Au  niveau  de  la  tete  cette  accelerati.,..  est  tree  amplifies,  pointe  a 37,5  g *t 
rests  encor«  A 27,5  g pendant  10  ms.  Dsns  ce  css  on  se  trouve  en  ploin  dana  la  zone  des 
blussurea  lcgerea  prii  de  In  frontiers  toute  theor ique  d*  la  * tine  de*  bleaaurea  graves. 


Comm*  pour  le  pilot#  elle  **  inverse  mala  d#  fatjon  plus  precoce.  Elle  atteint 
12,5  S pendant  20  ms  s zone  d' exposition  volontaire. 

Ic i egalement  sur  I 1 axe  % , les  accelerations  sont  da  faible  intensite,  12,5  g 
pendant  5 m*  uu  niveau  du  thorax  nvec  succession  uxtremement  rapid#  d'usci l tat  ions  de 
l'ordre  de  10  g.  Au  niveau  de  In  tete,  elles  sont  du  meme  ordre  et  apparaissent  plus  tard 

(plane he  )*) 

Sur  1 1 axe  i seulee  les  acceleration*  sont  rossenCtsa  au  niveau  de  la  lets,  9,5  g 
pendant  5 ms. 


Pour  le  nsesager  sur  l*ax#  / au  niveau  du  basain.  I 'acceleration  est  de  24,5  g 
pendant  10  ms,  c#  plateau  est  amort  i eu  niveau  de  In  tete,  18 , 5 g pendant  10  ms,  fee  va- 
leurs ne  font  gu&re  soupuonner  ce  qu* indtquent  les  sequences  Itlmeea  1 choc  du  crftu# 
centre  le  plafond,  (plane hr  12) 


Sue  1 1 axe  X les  vsleur*  sunt  les  plus  importantes,  pointe  de  lb  g,  puis  12,5  g 
pendant  10  ms  et  retour  an  O,  inversion  avec  une  pointe  A lb  g et  un  plateau  de  5 ms  A 
j2,5  g.  Cs  phenomena  n' appnrai  ssanl  que  HO  ms  apres. 


best  available  copy 
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Lorsque  1'on  maaure  lea  pentea  de  montee  de  cea  differences  accelerationa 
(jolt)  on  constate  qu'ellea  aont  toutea  tree  importantea,  auperieurea  tree  aouvent  a 
1000  g/s  et  peuvent  atteindre  1300  g/s.  De  telles  valours  ne  aunt  paa  tolerable*  auivant 
le  diagromme  mppoi  te  pm  EiBrtbb  art  1959- 

DISCUSS  ION 


Si  nous  cons iderona  lea  reaultats  ainsi  obtenus  noua  pouvona  dire  que  lea  man- 
nequins ont  aubi  dea  taut  d ' acc elern t 10ns  Gz , certes  el“ves,maia  de  durees  ires  breves 
qui  ne  devraieut  pas  entrainer  dea  lesions  graves,  puiaque  par  rapport  au  diagrunme-  die 
WEEB,  ila  se  aitueraient  au  pire  dans  la  zone  dea  blessures  legerea  et  relevera ieirt.  le 
plus  aouvent  du  domaine  du  siege  ejectable.  iplancuea  9 et  lUi 

Cependant  i*  ne  s'agit  la  que  d ' approximation  theorique  et  il  eat  bien  diffi- 
cile de  tracer  une  frontiers  nette  entre  zone  de  blessures  legerea  et  zones  de  blessures 
graves.  En  outre,  l'experience  que  nous  avona  des  ejections,  tant  en  frame  qa’a  I'Etran- 
ger,  montre  que  seme  pour  dea  accelerations  morns  importantes,  il  n'est  pas  rare  d'obte- 
nir  dea  fractures  plus  ou  noins  graves  et  plus  ou  moins  complexes  du  rachie>  dorso— lom- 
baire  (AUFFRET  et  DELAHAYE  - 1975'. 

C.e  typo  de  depouilleaent  ne  tient  pas  compte  du  jolt,  or  .n  dernier  est  urt 
facteur  determinant  pour  apprecier  la  tolerance  huaaine  lors  d'un  impact. 

De  plus  le  decoupage  adopt e permet  une  achcmatiaation  pour  cheque  element 
corporel  : tite,  thorax,  bassin,  mais  n'eat  pas  repreaentatif  du  corps  huawin  entier. 

Ce  dernier  ne  peut  itre  considers  coimne  une  macse  rigide  non  coese  on  ensemble  de  aiaa- 
ses  elementaires  reunits  entre  elles  par  des  ressorts  et  des  amortisseurs  (D1ECKMANN 
1957,  COERMANN  1962)  donnant  lieu  soit  a des  phenomenes  de  resonance,  aoit.  a das  pheno- 
menes  d ' amort issement . 

C'est  pour  cette  raison  quo  pour  analyser  la  reponaa  elastique  du  corps  dus 
mannequin  (t8te,  thorax,  bassin)  nous  svons  represente  pour  un  axe  toutea  las  sezeel ora- 
tions sur  un  alas  grsphiqus  en  lss  supsrpossnt  (ploncheS  1)-  1^  -•*  '5' 

En  premier  lieu,  on  constate  que  les  phenomenes  ont  la  mams  ell  ore  mais  ap— 
paraiasent  avec  un  dephasage  plus  ou  moins  important.  Afin  da  facilitar  1 • interpretation 
da  caa  courbes,  lea  impulsions  aont  decoupeea  en  tron;ons  elementaires  4s  aniisrs  s cona- 
tituar  des  impulsions  trapezoidal.. ,carac teri siea  par  una  montea  an  acceleration,  aui vie 
d'un  plateau  d ' accelerat ion  constants,  puis  d'una  descents  (partis  bases  du  grapbique). 

La  plancha  n*  13priaecoamw  example,  et  concamant  le  pilots  at  I'eze  -- > noua 
sains  a faira  un  certain  nombre  da  remarquas. 


Lss  accelerations  anterieuraa  au  tamps  1,100  qui  aont  dues  a I'ecrasssent  ds 
1 'sttsrrisssur , ns  saront  pas  etudieea. 

La  phenomena  as  presents  alora  comma  una  sinusoids  amortis  d'une.  periods  de 
130  ms,  soit  une  frequence  d'excitation  voiaina  da  8 Hr.  La  mouvement  lnflige  au  bassin 
eat  nmplifie  au  niveau  du  thorax,  ca  qui  tandrait  a demontrar  qua  l’excitstion.  ass  pro- 
duit  a una  frequence  voiaina  de  la  frequence  propre  de  la  masse  suspendue,  conatituee 
par  la  thorax,  qui  provoque  una  amplification  de  1,5  environ  (le  tense  thorax  dbi*  itra 
envisage  dans  eon  sens  la  plua  large  : partle  superieure  du  corps).  Cows  I s montw 
LATHAM,  (1957)  i 8 Hz  on  ob*«rv#  un«  amplitude  maximale  de  la  region  thoracique  *«pprt«u- 
ra  par  rapport  aux  hanchaa.  Il  semble  qua  l'ela.ticite  vertebral.  salt  intarvenus.  d« 
facon  notable  dana  la  tranamiaaion  du  mouvement.  En  affet,  les  mesures  d efforts,  prati- 
ques. sur  la  colonne  dorao-lombai ra  baaaa  <400  daN)  conflrment  la  durs.pr.uw  aubse  par 
catts  darniire.  On  peut  craindra  des  lesions  vartebralea  basses  : fracturm  par  compres- 
sion (JONES  et  coll.  1964). 

L' analyse  de  l'lmpulaion  elemantatre  fait  egalem'.nt  apparaltre  une  miss  en 
acceleration  tri.  court.,  soit  un  jolt  d.  1000  g/a  au  niveau  du  b-aatn.  retranamia  au 
thorax  ou  il  eat  amplifie  1200  g/a  at  ramene  a 900  g/s  au  niveau  da  la  tite. 

Le  plateau  de  stabilisation  da  1 ' accelerat ion  d'una  duree  initials  d*  JO  ms 
(bassin)  diminue  da  moitie  au  thorax  et  a la  tite. 

Noua  avona  aollicite  le.  prAdi.po.ltion.  vibr.tolra.  da  la  ^**V,“^**“^* 

du  corps  at  la  re.onanc.  d.a  organa,  da  ce.  region,  a pu  itr.  i^ble  cl  d"pla- 

uvtcc  mil  (iq6l)  au  court  d'un  tal  Impact,  la  foie  as  deplaca  vara  le  baa,  ce  aepi 
WEISS  at  coll.  (1963)  aucour.^dun^  f.it  d.  fa(;on  .ynchrone  ever  le  coaur 

oollLni1  Mime  dans  vu^tel  caa,  11  convient  ds  t.nlr  compte  du  rile  benefiqua  ap- 
* »-  ^ du  tonua  at  da  la  contraction  das  mueclaa  avoiainanta.  Catta  tension 

>•.»*  ■«.■•«»*  “»«""■»  ••  *«■  • mm°* 

at  LANGE  1964  | VON  GIERKE  i960. 

Ufa  b.a.inSrrxTonrS:  ^or^.T™ 

Ain.l  a.  trouv.nt  WS^mSg’.^cou'!* W5K  Cett/clpal 

fr^tur^plul  Str:  rlduit"  L f.?on  iiportaLe  par  1 'hypar.zt.n.iost  modere.  de 
U coton^li  v.rtibral.  (EWING  at  coll.  1972).  Catta  condition  .at  rc.li.ee  par  le  a.ngla- 
ga  correct  du  pilots  aur  son  aliga  ajactabla. 
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Cependant,  comine  le  montro  lo  grnphtque,  il  existe  un  coefficient  d'nnortis- 
aement  non  n£gligeable  puisque  la  demi -si nuaoTde  suivnnte  ntteint  des  accelerations 
d'une  intensite  k fola  moindre  (7,5  g pour  30  g). 

Les  tndmes  eonatatations  pcuvent  etre  faitea  pour  le  copilote,  avec  une  cir- 
conatance  ft ggravante  : une  acceleration  d* intensite  plus  gronde  au  niveau  de  la  tfiie. 

II  eat  vroiaemblable  que  l'energie  absorbee  par  la  rupture  du  pntin  droit  aoit  plus  i ta- 
per tante  que  celle  Absorbee  par  1®  patin  gauche  non  rompu,  ceci  explique  que  le  copilote 
inatalle  en  place  gauche  reqoive  une  energie  plus  grande  qui  se  transmet  nu  niveau  de  lo 
tAte  {35  g).  Toutefola,  la  conception  du  modole  anthropomorphique  est  differente  et  les 
conparaiiona  sont  done  diff idles,  <piauch<»s  \H ) 

Une  analyse  comparable  dea  accelerations  aur  l'nxe  X montre  que  les  intensi- 
tea  aont  faiblea,  ellea  ne  depassent  pas  au  thorax  10  g,  C'est  bien  ce  que  confirms  les 
meaurea  d’effort  realised*  aur  lea  bretellea  de  contention  du  harnais  du  torse  du  pilo- 
te.  Cea  vnleura  <7G  doN  au  maximum)  aont  parfaiteaient  tolerable*  et  ne  risquent  pas  de 
provoquer  de  traumatiamea  mi  me  legers  ou  de  contuaiona  nu  niveau  du  thorax  et  dea  epnu- 
lea,  Ellea  aont  trAs  loin  dea  normea  normnleasent  adniaes.  (HUFF  1930,  STAPP  1951-1955.,). 

Par  contra,  au  niveau  de  la  tlte,  ai  lea  accelerationa  aont  du  alee  ordra 
(parfoia  trie  legireaent  aupcriauraa) , le  changeaent  rapide  da  aena  entrolnant  dona  un 
pramier  tamp a une  hyperflexion  de  la  colonne  cervical#  baaae,  auivie  d'une  extension 
brutale  "coup  du.lapin"  risque  de  provoquer  dea  lesions  hautes  graves,  sinon  aortellea 
(PATIIICK  at  colli  1965).  Lea  mouvesianta  ae  trouvent  facilites  par  le  fait  que  le  dossier 
du  iii(e  ne  aont*  pae  aaaez  heut  et  ne  comprend  paa  un  appui-tSta.  (planch*  15). 

Bien  qu'aucun  mouvement  lateral  ne  caracteriae  la  trajectoire  de  la  cellule 
de  1 'helicopters,  une  acceleration  d'environ  12  g aur  le  baaain  du  pilote  eat  repercutee 
su  thorax  avec  un  leger  amort issement  (10  g).  Kile  aeable  due  a 1‘scrsssaent  diaayaetri- 
que  dee  patina  lore  de  I'iapact,  Une  observation  faite  a posteriori  aur  lea  filaa  et  lee 
photographies  a»ntre  an  effet  que  le  patin  gauche  s'est  smins  affaise  que  le  patin  droit 
qui  eat  compldtement  detrutt.  D'ailleura,  les  accelerationa  subiea  par  le  copilote  aur 
l'axe  Z aont  plus  eloveea.  De  a(a«  lee  efforts  aeaures  aur  les  bretellea  de  contention 
du  harnaia  du  pilote  accusent  cette  disayaetrie  (70  et  %5  daN). 

11  eat  fort  regrettable  que  le  Mannequin  paeaeger  ne  diapoee  paa  d'accelero- 
mitre  dans  le  aena  Y itlora  que  les  sequences  filaAea  revAlsnt  un  aouvsesnt  lateral  im- 
portant, consequence  d'une  contention  peu  efficace  et  dee  deg&ta  de  la  cloiaon  arriArs. 

Cea  accelerations  aont  dans  1 'ensemble  aesez  ami  supports**  et  entralnent  dee  troubles 
cardiaquea  (ZABOHOWSK1  1966). 

Coaaee  on  peut  a'y  attendre,  ce  type  de  crash,  etant  donne  le  faible  deplace- 
ment qui  ainorti  le  mouvement,  est  plus  aevire  aur  l'axe  Z que  aur  l'axe  X. 

Cependant,  al  dans  catte  direction  lea  accelerations  aont  toujour a pau  lntenses, 
ellea  provoquent  dea  mouvements  forces  alt ernes  de  la  tlte,  prejudic tables  A la  colonna 
cervicale  baaae,  Une  etude  plus  complete  mettant  en  Jeu  la  me sure  dea  accelerations  an- 
gulaires  aurait  peut  Itre  permie  une  mellleure  objectlvation  du  phenomAno, 

Lea  reaultata  ainai  mentionnea  et  analyses  permettent  de  tirer  des  conclu- 
sions concernont  In  aurvie  dea  occupanta.  Cependant,  des  reserves  importantes  doivent 
Atre  apportcos.  Lea  mannequins  nnthropomorphtquea,  model eaconvent ionnela  ne  aont  qu’une 
grosstero  approximation  du  corps  humatn  oti  le  facteur  muaculaire  eet  totalemeni  absent. 

Quo!  qu'il  an  aoit,  a'il  n'eat  pas  possible  d'affirmer  que  le  pilots  et  le  co- 
pilote n'nurftient  pus  eurvccua  & ce  type  d'accident,  on  peut  penaer  qu'ils  auraient  ete 
vraiaemblablement  victimea  de  fractures  plus  ou  noins  graves  du  rachis  dorao-lomboira 
nggrnvcea  par  dea  mouvementa  intompeatifa  au  niveau  de  la  colonne  cervicale  baaaa 
"coup  du  lapin".  Lea  uccAlerationa  d' intensite  fltve*  obtenuea  avec  un  jolt  trea  impor- 
tant ou  niveau  de  la  tits  du  copilote  nous  paraiasent  un  facteur  de  gravite  suppl iwn- 
taire  (choc,  hypertension  intracranienne). 

Compte-tenu  dea  enregtstreaenta  incompleta  effectue*  aur  le  mannequin  passn- 
ger,  il  eat  bien  difficile  de  ae  prononcer  aur  aon  sort,  cependant  le  pronoatic  doit  «, 
•notre  avis,  Atre  trea  reserve. 

CONCLUSION 


Dnns  le  cadre  du  programme  ontiernsh  elabore  par  In  France,  tin  essai  de  crash 
de  1 ’helicoptore  Gazelle  SA  JU  est  renlisA  A TOULOUSE  le  2k  rAvrier  1977  pnr  la  SociAtA 
Aerospatiale  et  le  Centre  d’Essnt  Aeronautique  de  TOULOUSE.  Les  conditions  de  1 'essai 
impliquent  une  hauteur  de  chute  de  3,67  m avec  une  vitesse  verticals  de  <*  ss/a  et  une 
Vitesse  horizontale  de  6 m/s,  aoit  une  vitesse  resultants  de  8,^9  m/s. 

Le  Laborntoire  de  Medeeine  Aerospatiale  du  Centre  d'Essnis  en  V'- 1 de  BBETIGNY 
aur  Orge  oat  plus  apeeinlement  charge  d'npprAcier  lea  chances  de  survie  de  1* equipage 
et  d'un  pnssngor. 

A cot  effet,  3 mannequins  aont  install  As  dsns  In  cnbine  de  1 *hAl icoptere , 
munla  d* nceeleromAtros  dnns  lea  sens  X Y Z pour  1 'equipage  et  X Z pour  lo  pass  iger. 


Le  crush  s'effectue  scion  le  plnn  indique. 


AH4 


hmm  accelerations  lea  plus  Important**  se  aituent  tur  l'nxe  Z et  sollicitent  la 
resonanc e da  la  parti*  superieure  du  corps.  La  compresaion  vertebrale  ovec  In  flexion  on 
avant  qui  an  decoule  provoque  vraisemblablement  dea  fractures  de  In  region  dorso-lombnire 
baase  dee  occupants.  Ces  lesions  aont  aggravees  par  les  aouveaenta  forces  de  In  tete  dus 
aux  acceleration*  Gx» 

L* exploitation  d#  cette  premiere  experimentation,  malgre  des  resultats  encore 
insuffisants  permet  de  ja  l'elaboration  d'un  programme  de  calcul  anti-crash,  tennnt  compte 
uniquement  pour  1* instant  de  facteura  physiques,  asit  dans  lequel  pourront  etre  njoutes 
dans  l'avenir  les  facteurs  husaina.  A cet  effet,  vient  d'etre  realise  cette  an nee  le 
crash  d'un  h6licoptir*  plus  gros  (PUMA  SA  340) , comprenant  un  equipage  de  troia  ho.umes 
st  huit  passagers  (hoaases  de  troupe)  places  dans  la  carlingue,  soit  face  a l'avnnt,  soit 
lat£rnl*ment  st  assis  sur  des  sieges  dits  Manti-crash"«  Les  resultats  ne  aont  pas  encore 
connus  & ce  jour. 
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DISCUSSION 


DR.  VON  GIERKE  (USA) 

Do  you  have  the  dynamic  characteristics  of  the  dummy  used,  particularly  of  the  ver- 
tebral column  of  the  dummy? 

AUTHOR'S  REPLY 

Unfortunately,  we  are  not  absolutely  certain  of  the  rigidity  of  the  neck  In  the 
case  of  pilot.  We  don't  know  how  the  neck  was  made. 

WING  CDR  D.  C.  READER  (UK). 

In  contrast  to  UK  experience  with  actual  impacts  involving;  Gazelle  helicopters, 
you  choose  a low  impact  velocity  for  your  tests  which  produced  little  structural 
damage.  In  our  real  world  experience  the  damage  to  the  aircraft  was  always  com- 
plete. Why  did  you  choose  such  trivial  impact  forces  for  your  experiments? 

AUTHOR'S  REPLY 

We  decided  on  these  values  because  we  wanted  to  show  a final  crash  in  auto  rotation 
or  after  a sudden  loss  of  power. 


PARI  I nil  L SI  <)l  A SPINAL  ANAL(X«U1  I O ( OMI'AKI  HUMAN  KlU  RAM  L 
OP  RUPIAH  1)  SHOCKS  WITH  TOl.l  KAM  I Ol-  VIBRATION 


by 

Cecff  Allen 

Human  Engineering  Division,  Flight  Systems  Department, 
Royal  Aircratt  Establishment,  Farnborough,  Hampshire,  England 


SUMMARY 

A method  is  evolved  for  conqjaring  theoretically  Che  compatibility  between  ISO  2631  ’limits'  for 
human  tolerance  of  vertical  vibration  and  recent  proposals  for  limits  of  tolerance  of  repeated  shocks  based 
on  a spinal  analogue. 

The  method  is  applied  to  both  limits  over  a wide  range  of  conditions  including  a proposal  for  the 
maximum  acceptable  vibration  crest  factor  to  be  increased  from  the  present  value  of  3,  to  6.  The  results 
suggest  that  '4*  is  about  the  maximum  value,  if  vibration  and  repeated  shock  limits  are  to  be  compatible, 
but  it  is  emphasized  that  the  comparison  is  based  on  tentative  proposals  for  repeated  shacks  and  the 
ISO  2631  controversial  vibration/time  dependency  relationship.  The  main  thrust  of  the  paper  is  to  illus- 
trate a method  of  comparison  rather  than  to  reach  definite  conclusions  from  its  application. 

A plea  is  made  for  comnents  on  the  method,  for  the  provision  of  more  laboratory  and  field  data  and 
for  more  consideration  of  the  use  of  biomechanical  analogues  in  the  evolution  of  standards. 


1 INTRODUCTION 

The  compatibility  between  tolerance  of  vibration  as  defined  in  ISO  2631  * and  tolerance  of  repeated 
shocks,  as  tentatively  proposed  by  the  author  , has  been  queried  several  times.  Recently  it  has  been 
raised  in  relation  to  that  part  of  Griffin's  proposed  short  term  amendments3  to  ISO  2631  *,  which  cover 
high  crest  factors  (peak/rms  acceleration). 

The  purpose  of  this  note  is  to  cosg>are  theoretically  the  two  approaches,  particularly  in  relation  to 
exposure  boundaries  and  to  vibrations  with  high  crest  factors,  which  may  be  considered  as  a type  of  shock. 

A simplified  comparison  is  made  by  considering  only  nominally-sinusoidal  vibrations  of  varying  amplitude 
at  various  discrete  frequencies  and  only  repeated  shocks  composed  of  one  or  more  isolated  sinusoidal-type 
inputs,  again  at  various  discrete  frequencies. 

The  analysis  is  intended  primarily  to  demonstrate  a method  of  comparing  repeated  shock  tolerance  with 
vibration  tolerance.  It  should  not  be  regarded  as  producing  definite  conclusions  either  way,  particularly 
in  view  of  the  tentative  nature  of  the  proposals  for  tolerance  of  repeated  shocks. 


2 METHOD  AND  RESULTS 


First  we  will  assume  that  the  ISO  2631  (safe) 
'Exposure  Limit'  should  be  reasonably  compatible  with 
the  proposed  'Severe  Discomfort'  boundary  for 
repeated  shocks. 


The  ISO  2631  'Exposure  Limit',  as  for  the 
similarly-shaped  'Fatigue-decreased  Proficiency'  end 
'Reduced  Comfort'  boundaries  is  frequency  dependent. 
The  shape  of  the  tolerable  input  acceleration  v 
frequency  curve,  shown  dotted  in  Fig  1,  is  based  on 
suggestions  by  von  Gierke  and  Coermamr*  that  overall 
tolerance  is  the  envelope  of  tolerance  of  three  body 
sub-systems  termed  'spine-abdomen',  'lumbro-sacral ' 
and  'head',  'Tolerance'  is  assumed  to  equate  to  the 
input  acceleration  required  to  maintain  constant 
(relative)  displacement  of  each  sub-system,  that  is, 
constant  load. 


Using  data  from  ISO  2631,  exposure  limits  for 
vertical  vibration  of  seated  persons  for  daily 
durations  of  1-4  min,  ) hr,  1 hr  and  8 hr,  and  for 
sinusoidal  input  frequencies  from  t-SO  Hz,  are  given 
in  Table  1,  As  wall  as  the  usual  rma  acceleration 
levels,  the  table  includes  peak  values  for  crest 
factors  of  1.414  (normal  sinewava),  3 (the  maximum 
recotsoended  in  the  Standard),  and  6 (the  maximum  pro- 
posed by  Griffin3),  For  the  last  two,  it  is  assumed 
that  the  number  of  vibration  peaks  with  high  crest 
factors  it  small  enough  (say  not  more  than  a few  per 
cent)  not  significantly  to  increase  the  ns  value 
compared  with  that  of  a ataady  sinusoidal  input. 

He  have  therefore,  obtained  values  of  the 
maximum  permissible  'Exposure  Limit*  petit  input 


Fig  1 Ml  * ISO  frequency  weighting  - 
cunw 
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Table  I 


ISO 

2631  a 

z (Safe)  'Exposure  Limits* 

rms 

m/s1 

Peak  input  g 

Freqy 

Hz 

-4  rain 

S hr 

1 hr 

8 hr 

i hr 

l hr 

8 hr 

min 

CF* 

CF 

CF 

CF 

CF 

CF 

CF 

CF 

CF 

CF 

CF 

CF 

1.41 

3 

6 

1.41 

3 

6 

1.41 

3 

6 

1.41 

3 

6 

1 

11.2 

6.7 

4.7 

1 ,26 

1 .6 

3.4 

6.8 

0.96 

2.0 

4.1 

0,68 

1.44 

2,88 

0.18 

0.39 

0.78 

4 4 5 

5,6 

3.4 

2.4 

0,63 

0.8 

1.7 

3.4 

0.48 

1.02 

2.04 

0.34 

0.72 

1,44 

0,09 

0..9 

0.38 

8.4  + 

6.0 

3.6 

2.5 

0.68 

0.9 

1.8 

3.6 

0.54 

1 .08 

2.16 

0.36 

0.77 

1.54 

0.10 

0.21 

0.42 

1 1 

8,0 

4.8 

3,4 

0.91 

1.2 

2.4 

4.8 

0.72 

1.44 

2.88 

0.49 

1 .03 

2.06 

0.13 

0,28 

0.56 

30 

,21.6 

12.9 

9. 1 

2.43 

3. 1 

6.6 

13.2 

1.85 

3.95 

7.9 

1,31 

2.78 

5.56 

0.35 

0.74 

1 ,49 

80 

56.0 

k 

33.5 

23.6 

6.30 

8.0 

17.1 

34.2 

4.8 

10.2 

20.5 

3.40 

7.22 

14,4 

0,91 

1 .92 

3.85 

* Crest  factor 

♦ Frequency  for  minimum  tolerance  of  } sine  input  (DRI  shock  criterion) 

+ Frequency  for  minimum  tolerance  of  transient  sineweves  (DRI  shock  criterion) 

NB  The  crest  factor  of  *6*  is  a proposed  amendment^  to  ISO  2631,  in  which  the  present  recommended  maximum 
value  is  3, 

accelerations  over  the  frequency  range  1-80  Hz  for  steady  sinusoidal  inputs  and  for  a limited  number  of 
large  amplitude  sinusoids  (high  crest  factors)  superimposed  on  a lower  background  level.  To  compare  these 
with  the  tentative  proposals^  for  human  tolerance  of  repeated  shocks,  it  is  necessary  to  convert  the  shock 
limits,  which  are  expressed  as  maximum  equivalent  output  accelerations  (Dynamic  Response  Index  ('DRI')) 
khat  is,  a direct  function  of  the  peak  load  in  the  spine)  into  the  equivalent  input  accelerations.  To  pro- 
vide a reasonably-simple  basis  of  comparison,  it  is  assumed  that  each  shock  is  limited  in  frequency  content 
to  80  Hz  (the  maximum  covered  fay  ISO  2631)  and  is  applied  in  one  of  two  forms,  either  as  a limited  number 
of  high  crest  factor  sinusoids  ('transient')  or  as  a single  half  sinewave  puls*. 

Following  suggestions  by  Maslen\  an!  using  work  by  Payne^  on  the  Dynamic  Response  Index  and  Barrett 
and  Payne7  on  the  response  of  a single  order  mass-spring-damper  system  to  a 'steady'  and  transient  input, 
the  relative  values  of  the  input  acceleration  which  will  produce  a constant  peak  spinal  load  ('DRI')  over  a 
range  of  applied  frequencies  of  1-80  Hz,  are  shown  in  Fig  1.  Two  curves  are  given,  one  for  a half  sinewave 
input  pulse,  the  other  for  a limited  number  of  full  sinewaves  (transient),  the  latter  assuming  that 
effectively,  the  steady-state  response  has  been  reached. 

We  can  now  explore  how  the  ISO  2631  'Exposure  Limit'  for  vertical  sinusoidal  vibration  compares  with 

the  proposed  boundary  to  prevent  severe  discomfort  from  daily  exposure  to  repeated  shocks.  The  latter 

extracted  from  Ref  2,  is  given  in  Fig  2,  expressed  as  DRI  (a  function  of  spinal  'output'  load) aagainat  N, 
the  number  of  shocks  per  day.  We  have  to  convert  these  DRI  values  into  equivalent  peak  input  g's  over  the 

ISO  2631  frequency  range  of  1-80  Hz.  The  conversion  factors,  peak  input  g/DRI',  for  various  shock  input 

frequencies,  and  extracted  from  Fig  1 are  given  in  Table  2,  for  a half  sine  pulse  and  for  a transient 
sinusoidal  input.  These  factors  are  then  applied  to  the  DRI  value*  to  obtain  'peak  input  g veraus  N shocks 
per  day'  for  various  pulse  frequencies.  (Table  3 and  Figs  3 and  4). 


Pulse 

freqy 

Hz 

peak  input  *g*/DRI 

i tins 

Repeated  tine 

1 

0,9  3 

1.0 

4 

0.75 

0,8 

5 

0.7 

0.67 

8.4 

0,84 

0.46 

30 

2,1 

10.0 

80 

6.0 

56,0 

Fig  2 Shock  data  and  proposed  limits 


The  ISO  2631  exposure  limit  peak  input  g's  in  Table  I ( for  steady  sinawava,  and  crest  factors  of  3 
and  6)  are  then  applied  to  the  curves  in  Figt  3 and  4 to  obtain  tha  corresponding  maximum  permissible 
number  of  shocks  per  day  ('A').  A few  examples  are  marked  on  the  curves  to  show  th*  msthod,  th#  rest  are 
omitted  for  clarity.  The  result#  are  given  in  Table  4,  and  in  the  associated  text.  This 
table  includes  the  maximum  permissible  numbar,  'B',  of  sinusoidal  cycles  per  day  obtained  from  th#  ISO  2631 
criterion.  There  is  a potential  hazard  if  A/B  is  lest  than  unity  and  a Ukaly  hazard  if  A/B  is  much  lass 
tha:i  I.  The  latter  cases,  which,  it  will  be  seen,  only  occur  for  vibrations  with  a crest  factor  of  6, 
are  marked  with  an  aateriak  in  Table  4, 

At  the  time  of  writing,  it  was  not  poasibla  to  carry  out  a more  dstailad  analysis  of  all  th*  cates 
marked  * in  Table  4 (where  the  DRI  criterion  ia  potentially  in  conflict  with  ISO  2631  if  creat  factors 


a:s  ^ 


Table  3 


N 

(shocks/day) 

* DRI  * 
(Severe 
discomfort 
boundary) 

Peak  input  g 

1 (All) 

Hz 

4 

Hz 

5 

Hz 

8.4 

Hz 

30  Hr 

80 

Hzl 

♦ 

ts 

}■> 

ts 

is 

ts 

i® 

ts 

i» 

ts 

is 

tl 

1 

9 

8.4 

9.0 

6.7 

/.  2 

6.3 

6.0 

7.6 

4.1 

!8,9 

90 

54 

504 

10 

6.5 

6.0 

6.5 

4.9 

5.2 

4,6 

4.4 

5.5 

3.0 

13. b 

65 

39 

364 

too 

5 

4.6 

5.0 

3.8 

4.0 

3.5 

3.4 

4.2 

2.3 

10.5 

50 

30 

280 

tooo 

3.6 

3.3 

3.6 

2.7 

2.9 

2.5 

2.4 

3.0 

1.7 

7.6 

36 

202 

toooo 

2.  b 

2.4 

2,b 

2.0 

2,  1 

1.8 

1.7 

2.2 

1.2 

5.5 

26 

16 

146 

100000 

1 ,4 

1.8 

1.9 

1 .4 

1.5 

1.3 



1.3 

1.6 

0.9 

4.0 

19 

1 1 

106 

t basic  pulse  frequency 
* j sine  wave  input  (repeated) 

+ transient  sine  wave  (repeated)  input 


of  6 are  assumed) . Three  cases  marked  ’♦* 
were  explored  however,  and  it  was  found 
that  the  maximum  permissible  crest  factors 
to  make  the  shock  criterion  compatible  with 
ISO  2631  ranged  from  3.7  to  5. 

3 CONCLUSIONS  AND  COMMENTS 

A method  has  been  developed  whereby 
specifications  for  Inman  tolerance  of 
repeated  shocks  can  be  compared  theoreti- 
cally with  tolerance  of  vibration, 
particularly  vibration  with  high  creat 
factor*. 


Fig  3 Shock tidey  v peak  input  g - transient  sine  input  ('senate  discomfort') 


The  i 


ethod  hes  been  ueed  to  compare 
'Exposure  Limit'  for 


Fig  4 Shock  »/dey  v peak  input  g - 54  wnt  poise  (‘severe  discomfort') 

significant  change  in  the  DR1/N  slope  for  repeated  shocks  (Fig 
would  considerably  affect  the  comparison. 


the  current  ISO  2631 
vertical  vibration*  with  that  in  the  draft 
proposal  tor  the  'Severe  Discomfort  , 

Boundary*  for  tolerance  of  repeated  shocks  , 
It  was  found  that  the  two  limits  are 
compatible  for  the  wide  range  of  conditions 
explo.'d,  for  vibration  crest  factors  up  to 
3 (the  maximum  value  permitted  in  the 
current  ISO  2631  standard  ).  A creat  factor 
of  6,  as  proposed  in  a draft  amendment 3 to 
ISO  2631,  would  however  give  values  of 
vibration  peak  acceleration,  for  certain 
frequencies  and  duration  of  exposure,  which 
would  not  be  acceptable  against  the  present 
repeated  shock  criteria.  A limited  check 
indicates  that  crest  factors  up  to  4 would 
be  acceptable,  in  all  but  perhaps  one 
isolated  ease. 

The  results  of  this  comparison  should 
be  regarded  as  very  tentative,  firstly 
because  of  the  preliminary  nature  of  the 
repeated  shock  proposals,  and  secondly 
because  of  the  considerable  uncertainty 
regarding  the  present  time  dependency 
relationship  in  ISO  2h)f,  For  example,  any 
2)  or  in  the  ISO  2611  time  dependency  curve 


To  conclude,  comment*  on  the  paper  are  welcomed,  and  the  author's  usual  plea  is  made  for  the  provis- 
ion of  more  laboratory  and  field  data,  in  t..is  instance  on  human  tolerance  of  repeated  shocks  and  on 
vibration/time  dependency,  ,'»o,  this  investigation  has  re-emphasi ted  the  fundamental  importance  of 
biomechanical  analogues  in  thi  evolution  of  Standards  for  human  tolerance  of  vibration  and  shock.  It  is 
considered  that  thi*  topic,  including  which  'output’  parameter  (absolute  displacement,  relative  displace- 
mwnt , load,  'energy',  etc)  is  appropriate  to  a particular  situation,  warrants  far  more  attention  than  it 
is  getting  st  present. 
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(The  8 hour  ISO  exposure  limit  was  checked  in  the  same  way  and  yielded  VALuea  of  A/B  greater  than  1 in  all 
cases,  that  is,  there  is  no  danger  ol  the  proposed  N a hocks/day  limits  being  exceeded.) 
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SUMMARY 

Previous  work  on  biouynamic  modelling  is  briefly  reviewed  in  relation  to  its  application  to 
Standards  for  human  tolerance  of  vibration  and  shock.  It  is  shewn  that  there  are  considerable  deficienc.es 
in  our  knowledge  and  approach  on  this  important  relationship.  Particularly,  insufficient  attention  has 
been  paid  to  the  differences  among  the  several  types  of  response  of  the  body/analogue  to  applied  vibration 
and  their  relevance  to  real  life.  To  underline  this,  the  paper  analyses  the  various  response  characteris- 
tics of  two  simple  mass-sp.ing-damper  systems  analogous  to  the  human  body.  It  then  considers  the  relevance 
of  these  responses  to  practical  situations  and  hence  to  (he  derivation  of  Standards.  The  usefulness  of 
analogues  in  predicting  response  to  complex  vibration  inputs  is  also  shewn.  Some  other  neglected  topics, 
including  the  effects  of  the  active  and  adaptive  powers  of  the  human  body,  of  seating  and  of  duratior  of 
exposure,  are  briefly  considered.  Suggestions  are  offered  for  further  work,  some  of  which  would  be  rele- 
vant to  the  forthcoming  major  revision  of  ISO  2631. 


1 INTRODUCTION 

In  the  search  for  an  understanding  of  the  many  effects  of  mechanical  vibration  and  shock  on  man,  it 
has  long  been  recognised  that  the  biodynamic  response  of  this  remarkable,  complex  human  machine'  is  a 
fundamental  link  in  the  chain  between  the  applied  motion  and  the  resultant  human  reaction.  Biodynamic 
analogues,  that  is  mathematical , structural  models  of  the  body,  have  therefore  been  the  basis  of  several 
specifications  for  human  tolerance  to  vibration'2’'1  and  shock**’  . During  racent  years  there  have  been  at 
least  three  International  Conferences6*® , concerned  with  biodynamic,  or  as  soma  prefer  to  call  them,  bio- 
mechanical models,  particularly,  with  their  practical  applications.  At  one8  of  these  a plea  waa  made  for 
the  translation  of  recent  Knowledge  on  modelling  into  vibration  and  shock  limits.  It  has  been  recognised 
that  biodynamic  models  will  play  an  important  role  in  the  major  revision  now  proceeding  of  ISO  Standard 
IS  2631  3. 

However,  in  the  practical  application  of  analogues  to  human  tolerance  of  vibration  and  shocks,  in- 
sufficient attention  seems  to  have  been  given  to  certain  important,  fundamental  questions.  For  example, 
what  analogues  ara  appropriate  and  what  responses  (’outputs')  of  these  analogues  apply  to  particular 
situations?  Is  absolute  displacement,  relative  displacement,  load  or  'energy'  likely  to  dominate  toler- 
ance? How  do  complex  inputs  affect  the  response  of  the  analogue;  how  do  wa  model  the  effect  of  duration 
of  exposure  and  recovery  from  it?  The  need  to  answer  such  questions  became  increasingly  apparent  in  the 
preparation  of  papers  on  tolerance  of  repeated  shocks3  and  on  comparing  vibration  with  shock  tolerance®. 

Against  this  background,  this  paper  has  four  main  objectives:- 

(i)  to  review  briefly  soma  previous  work,  particularly  on  the  use  of  analogues  in  specifications  concern- 
ing limits  for  husun  tolerance  of  vibration  and  shock; 

(ii)  using  two  simplified  body  analogues  as  exaaq>les,  to  underline  the  importance  of  different  responses 

in  relation  to  practical  applications  and  to  the  derivation  of  limits; 

(iii)  to  point  out  some  of  the  gaps  in  knowledge; 

(iv)  to  suggest  directions  for  further  laboratory  and  fiald  work  related  to  the  derivation  of  iiaproved 

specifications. 

The  paper  mainly  covers  modelling  of  response  to  whole-body  vertical  vibration  and  to  a lesser  extant, 
to  repeated  shocks.  It  does  not  explore  response  to  single  violent,  accident-type  shocks,  which  has  already 
been  tha  subject  of  extensive  mathematical  and  physical  modelling  and  the  derivation  of  tolerance  limits. 

2 BRIEF  HISTORICAL  REVIEW 

In  view  of  the  importance  of  the  topic  it  is  surprising  that,  as  far  as  is  known,  there  has  been  no 
comprehensive,  criticel  review  of  tha  considerable  amount  of  literature  related  to  biodynamic  modelling. 

For  this  paper  it  was  only  possible  to  examine  a small  portion  of  this  literature  and  to  select  for  comment, 
a few  references,  particularly  those  relevant  to  specifications  for  human  tolerance  of  vibration  and  shock. 

Following  measurement  of  whole-body  impedance  by  von  Bdkdsy'O  as  long  ago  as  1939,  one  of  the  earliest 
claeeicsl  works  on  sx>delling  was  by  Dieckmann11  in  1937.  Based  on  measurements  of  the  driving  point  imped- 
ance of  tha  husun  body  under  applied  vertical  vibration,  he  proposed  a single  aues-epring-daaq>er  analogue  of 
the  body.  He  considered  that  total  input  force  to  the  body,  that  is,  the  total  force  on  the  body  mass,  was 
the  main  factor  governing  human  tolerance,  end  from  this  derived  the  well-known  K value  curves  which  warn 
used  in  a German  VDI  specification2  for  vibration. 

More-sophisticated  sx>dele,  based  mainly  on  Impedance,  transmiseibility  and  atrees/strain  measurements, 
were  developed  in  (he  USA  iu  the  early  60s  by  Coernann,  von  Gierke  end  others.  These  include  a familiar 
sndel  originally  covering  response  to  mechanical  vibration  only12  and  later  extended'3  to  include  response 
to  impact  and  to  external  pressure  loede. 
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Fig  2 Payne's  rid*  quality  modal  response  (from  Raf  21) 


Fig  1 Overall  tolersncs  curve 

(from  von  Gierke  and  Coarmann,  Raf  14) 

In  I96J  von  Gierke  and  Coermann1  "*  put  forward  the  ingenious  concept  that  the  body’s  overall  tolerance 
curve  (input  acceleration  v frequency)  is  the  envelope  of  tolerance  of  three  body  sub-systems  termed 
’spine-abdomen’,  ’ lumbro-sacral ’ and  ’head’.  They  assumed  that  the  criterion  lor  the  tolerance  curve  was 
the  maintenance  of  a constant  amplitude  of  relative  displacement,  that  is,  a constant  amplitude  of  spring 
force  in  each  sub-system  (Fig  I).  Thc  shape  of  the  vertical  vibration  tolerance  curves  in  ISO  2t» 3 1 (Fig  2) 
is  based  on  this  concept.  A Is.  in  the  bOs,  Pradko  and  his  colleagues18  suggested  that  human  tolerance  is 
closely  related  to  the  absorbed  power  (or  heat)  produced  in  the  body  by  vibration.  From  a model  derived 
from  impedance  measurements  they  showed  how,  theoretically,  absorbed  power  could  be  calculated  and  input 
acceleration  v frequency  response  curves  for  constant  power,  obtained. 


The  scope  of  work  on  modelling  has  since  expanded  considerably.  Some  investigators,  such  as  Muksian 
and  Nash16,  have  developed  sophisticated,  anatomically-based  segmented  models  of  the  body.  Others,  includ- 
ing Jex  and  Magdeleno1^,  have  derived  analogues  in  which  man  is  modelled  ss  part  of  a control  loop,  the 
model  including  his  bio-mechanical,  perceptual  and  neuromuscular  responses.  Rowlands18  and  Griffin 
of  .iZ16  have  explored  some  of  the  many  variables  which  affect  transmission  of  vibration  through  the  body, 
such  as  posture,  limb  position,  muscle  tension,  seat  harness  and  intra-  and  inter-subject  variability. 

Garg  and  Ross‘S  have  investigated  vibration  transmission  to  thc  head  of  standing,  in  contrast  to  the  more 
usual  research  on  seated  persons,  and  successfully  matched  their  experimentally-derived  curves  with  those 
from  a sophisticated  mathematical  analogue  of  the  body. 


All  the  investigations  briefly  reviewed  above  have  provided  valuable  information  on  the  biodynamics 
of  human  reaction  to  vibration,  but  generally,  only  some  of  the  earlier  papers  attempted  to  relate  bii- 
dynamic  data  to  curves  or  limits  for  human  tolerance.  Payne,  however,  with  hi#  conaiderable  experience  of 
modelling  and  defining  human  tolerar.'e  of  violent  thocka,  has  recently  proposed*1,  fFig  ,’)  for  ride  quality 
assessment,  a model  comprising  three  parallel  mass-spring-damper  sub-systems  termed  ’visceral’,  ’spinal* 
and  ’body  vibration’,  and  thc  associated  tolctance  criteria.  For  sinusoidal  vibration  he  assumes  that  the 
tolerance  curve  of  input  acceleration  v frequency  ia  the  envelope  of  the  curve*  for  constant  amplitude  of 
total  force  on  the  mass  in  each  sub-system.  For  repeated  shocks  he  assumes  that  the  response  of  the  spinal 
sub-system,  which  is  based  on  work  on  Dynamic  Response  Index  (URI)6  is  critical  land  presumably  therefore, 
that  th#  ’spring*,  not  the  total  load  ia  th«  criterion).  He  then  develops  Allen’s  suggestion6  that  toler- 
ance can  be  expressed  as  the  DRt  (that  ia  maximum  spinal  load)  v maximum  number  of  shocks  per  day,  to 
derive  limiting  curves. 


In  considering  the  overall  significance  of  the  past  work  in  relation  to  limits  for  human  tolerance, 
two  important  facta  emerge.  Firstly  there  has  been  a considerable  measure  of  agreement  concerning  the 
composition  of  the  mass-spring-damper  systems  which  simulate  the  body  or  its  component  parts.  Thu*  there 
is  general  agreement  that  resonances,  such  as  the  ’whole  body*  ore  around  1 Hi,  play  an  important  part  in 
dttsrmining  tha  shape  of,  or  at  leaat  the  troughs  in  toleranca  curves. 

Rut,  secondly,  few  investigators  seem  to  have  considered  in  any  depth  the  significance  of  the 
various  typss  of  response  of  the  body  (or  its  analogues)  to  applied  vibration,  that  is,  what  is  the 
critical  ’output’  criterion  for  a particular  situation}  Does  total  load,  ’spring*  load,  absolute  displace- 
ment, relative  displacement  or  absorbed  power  dominate  tolerance!  Those  who  have  considered  this  important 
aspect  of  modelling  by  no  means  always  agree.  As  previously  indicated  ItirchsMim* 1 , and  lor  some  .ip|  I i i.i- 
i ions,  Payne**,  considered  that  total  force  dominates,  whereas  von  Gierk'  and  Goermann16  regarded  ’spring* 
force  (relative  displacement)  as  mors  important.  Pradko  cl  uZ18  postulated  that  absorbed  power  was  the 
important  criterion. 

In  fact,  admittedly  without  having  been  able  to  search  diligently,  the  writer  has  only  found  two 
recant  papers  which  briefly  explored  this  topic,  Lange^  presented  the  different  frequency  weighting 
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curves  obtained  from  various  body  analogues  and  ^arious  response  criteria,  particularly  in  relation  to  com- 
plex inputs,  Payne,  in  an  Appendix  to  his  paper**  on  quantifying  ride  comfort,  showed  the  difference 
between  * total*  load  and  'spring*  load  tolerance  curves.  Neither  of  these  investigators  however  explored 
in  any  depth  the  need  to  relate  response  lout put)  criteria  to  particular  vibration  situations,  a topic 
which  is  covered  in  more  detail  in  the  next  section. 

3 BODY /ANALOGUE  RESPONSE  CRITERIA 

3. 1 How  can  we  in  this  short  paper  demonstrate  conv  incingly  the  impoi  tant  part  played  by  body  and  hence 
analogue  response  criteria  in  the  derivation  o!  vibration  tolerance  curves? 

There  are  four  main  links  in  the  hiodynamic  chain  coupling  vibration  input  with  humm  tolerance, 
namely. 

(i)  the  nature  of  the  vibration  input  ( sinusoidal,  random,  etc); 

(it)  the  physical  chat  act er i st ics  ot  the  body  analogue; 

(iii)  the  various  output  responses  from  the  bodv  analogue; 

(iv)  the  criteria  of  tolerance  (health,  performance,  comfort,  etc)  and  hence  the  appropriate  body/analogue 
response  from  which  tolerance  curves  are  derived. 

Generally,  the  importance  of  (i)  and  tii)ha?  been  fully  appreciated  and  their  characte’-isttcs  have 
been  adequately  defined  and  understood.  till)  however,  and  its  coupling  with  (iv)  has  received  much  less 
attention  and  we  will  therefore  concentrate  mainly  on  this  aspect.  For  simplicity  we  shall  demonstrate  the 
approach  needed,  but  will  not  attempt  tc  present  an  accurate  detailed  mathemat ical  analyses  of  any 
particular  vibration  situation. 


Fig  3 Single  system  body  analogue 


Fig4  OouMtiyttam  body  aMSofiM 


We  will  concentrate  mainly  on  the  simplest  type  of  whole-body  analogue,  the  single  order 

linear  spring-mass  system  with  velocity  damping,  shewn  in  Fig  3,  and  will  consider  only  briefly  the  effects 
of  adding  in  series  a second  similar  system  notionaily  representing  the  head  (Fig  4).  The  component 
characteristics  of  these  analogues  have  been  chosen  to  correspond  very  approximately  to  those  of  a human 
body,  namely 
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damping  coefficient. 
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3 fcg  . 

We  shall  first  consider  the  simplest  ease,  namely  a sinusoidal  acceleration  input  to  the  base  of  the 
analogue;  the  effects  and  implications  of  complex  inputs  will  be  touched  on  later.  Our  main  objective  is 
to  explore  the  several  different  outputs  or  responses  of  the  snalogue  which  are  obtained  from  the  same 
input . 


Consider  the  response  of  the  single  system  analogue  to  a sinusoidal  input  acceleration 

H • A sin  wt  • A sin  2*  it  , 

giving  an  absolute  displacement  of  the  mass,  at  the  same  frequency,  of  amplitude  X^  * 

The  amplitudes  ot  most  responses  ('peak*  for  ’peak*  input,  or  *rms*  for  fr»s*  input)  can  be  defined 
in  terms  of  the  mass-spri ng-damper  parameters  of  the  analogue,  and  the  following  two  functions  of  the 
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frequency  ratio,  a ■ u/u^  * f /f Q , 

(P(a))2  - (I  - a2)2  + (2hQa)2  and  (q(a))2  . * 1 + (2h0a>2  . 

Any  one  of  several  types  of  response  nay  dominate  tolerance.  The  amplitudes  of  five  possible  domin- 
ant responses,  for  input  accelerations  of  amplitudes  Aj,  A,  etc,  are: 

<i)  total  force  on  the  mass  ■ total  input  force  ■ ■ AjM0Q(a)/P(a)  ; 

(ii)  spring  force  - (XQ  - Y)MqUq  - K(XQ  - Y)  - A2MQ/P(a)  ; 

(iii)  spring  deflection  (movement  of  mass  relative  to  input)  ■ (X^  - Y)  ■ A^/u^PCa)  ; 

(iv)  absolute  deflection  of  mass,  relative  to  an  external  fixed  datum  - XQ  » <A/u2)Q(o)/P 

» (A4/a2a2)Q(a)/P(a) 

(v)  absorbed  power,  ie  the  heating  effect  produced  by  the  damping  in  the  body 
- E,,  say  ■ Ajh0M0a2/«0(p(a))2  , 

We  follow  the  usual  assumption  that  tolerance  curves  of  input  acceleration  v frequency  are  those 
which  will  give  constant  amplitude  responses,  hence 


A,  ■ y>(a)/Q(o) 

2 

Aj  » A,  » (Xq  - Y)P(o)w0  (for  the  constants  of  this  analogue  and  the  values 
» , of  relative  deflection  and  spring  force  below) 

A^  * XqIDqO  P (a)/Q(a) 

Aj  - (R|w0/h0^0)irp(ci)/al  , 


We  (hall  tike  lone  arbitrary  but  reasonable  values  for  the  reiponse  amplitudes,  selected  partly  so 
that  the  curves  are  close  together  in  the  region  of  5 He.  The  simplifying  approximation  (I0ir)2  1000  has 

been  used. 


(i) 


Xq  » I m/s  (MqXq  * 50  newtons) 


(ii)  K(Xq  - Y)  * 50  newtons 


(iii)  <X0  - ¥) 

(iv)  XQ 

(v)  E, 


I mm 

1 ton 

0.25  watt  . 


From  these  equations,  we  can  derive  a set  of  input  acceleration  against  frequency  curves  (Fig  5)  which 
shew  clearly  the  different  shapes,  and  arbitrarily  the  different  levels  of  the  input  accelerations  required 
to  produce  the  various  constant  amplitude  responses.  Similarly,  tolerance  curves  for  a constant  amplitude 
of  acceleration  of  each  of  the  primary  and  secondary  masses  in  the  double  system,  that  is,  a constant  total 
force  in  each  system,  are  given  in  Fig  6. 


, of’ 


Fig  5 Response  curves  for  singls  analogue 


Fig  6 Response  curves  for  double  analogue 


What  does  analysis  using  the  eyeballs  computer  tell  us  about  these  curves?  For  the  single  system 
(Fig  S)s 

(i)  all  responses,  except  that  for  constant  absolute  displacement,  show  a minimum  at,  and  are  of  similar 
shape  around  the  natural  frequency  (S  Hr); 

(ii)  the  response  curve  for  constant  absolute  displacement  is  the  only  one  to  decrease  with  decreasing 
frequency  below  the  natural  frequency; 

(iii)  the  responses  for  constant  total  force  and  the  constant  spring  force  (or  constant  spring  deflection) 
are  almost  identical  in  shape  below  the  natural  frequency.  Both  become  asymptotic  to  the  horizontal 
(a  line  of  constant  input  acceleration)  at  low  frequencies; 

<iv)  the  curves  have  three  distinctly  different  asymptotic  slopes  at  frequencies  well  above  the  natural 
frequency,  namely 

(a)  for  constant  energy  and  total  force,  Aqf , which  is  analogous  to  a line  of  constant  velocity, 
(This  does  not  necessarily  mean  that  the  body  senses  and  bases  tolerance  on  velocity,  at 
higher  frequencies), 

(b)  for  constant  spring  force  (and  hence,  constant  spring  deflection,  and  constant  mass  deflection 
relative  to  the  input),  Aof£, 
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(c)  for  constant  absolute  displacement  of  the  mass,  Aaf  , 

For  the  double  system,  only  the  response  for  constant  amplitude  of  acceleration  of  the  primary  and 
secondary  masses  has  been  derived  (Fig  6).  Here  the  secondary  system  dominates  tolerance  over  a band  of 
frequencies  above  and  below  secondary  resonance.  This  dominance  is  of  course,  critically  dependent  on  the 
relative  ’tolerance*  of  the  primary  and  secondary  masses;  in  this  example  it  was  assumed  that  both  tolerate 
the  same  acceleration, 

3,2  Complex  inputs 


The  above  analysis  is  for  a simple  single  frequency  input  only.  However,  assuming  that  the  body 
behaves  as  a passive,  linear  bio-mechanical  system,  we  may  use  the  analogue  output  characteristics  to 
explore,  theoretically  at  least,  the  response  of  the  body  to  complex  inputs.  Hence  theoretically,  we  can 
determine  tolerance  of  any  type  of  dynamic  input  against  any  of  the  five  output  criteria  in  section  3.1 
above,  or,  for  that  matter  against  any  other  output  criteria.  This  can  be  done  either  using  'long  hand' 
mathematics  or  an  analogue  computer. 

It  is  beyond  the  scope  of  this  paper  to  explore  this  aspect  in  detail;  response  of  a body  analogue  to 
a repeated  shock-type  input  has  already  been  covered  elsewhere5.  The  response  of  the  single  system 
analogue  to  a multi-frequency  input  will,  however,  be  considered  briefly,  since  this  will  provide  useful 
evidence  on  the  controversial  question  of  whether  the  'worse  -j-  octave  band  acceleration'  or  the  'summed 
weighted  acceleration'  dominates  tolerance.  The  crucial  point  here  is  not  so  much  which  response  character- 
istic is  important,  but  what  feature  of  that  response  dominates  tolerance  - is  it  rms,  or  peak  output,  or  a 
mixture  of  both? 


If  the  rms  value  of  the  response,  be  it  load,  displacement  or  any  other  parameter,  is  the  critical 
factor,  then  it  can  easily  be  shown  that  tolerance  is  dependent  on  A 


where  A 


a2  + <Vb>2  + (wcAc>2  + 


and  A * effective  rms  input  acceleration,  summed  and  weighted  to  input  frequency  f 
e a 

Ag  ■ rms  input  acceleration  at  f 

A^  * rms  input  acceleration  at  f^ 

_ acceleration  tolerance  at  f„ 

w,  « weighting  factor:  — — » — ; 

b ® ° acceleration  tolerance  at  f. 


etc. 


Thus  if  we  assume,  as  does  ISO  2631  , that  tolerance  is  dependent  on  rms  acceleration,  then  the 
summed  weighted  input  acceleration  method  is  appropriate.  If,  of  course  weighted  acceleration  at  one 
frequency  (or  in  one  ■-  octave  band)  dominates,  then  the  single  rms  value  at  this  frequency  will  be  a good 
approximation. 


If  however  tolerance  depends  on  peak  rather  than  rms  output  acceleration  and  if  the  input  frequencies 
are  not  harmonically  related,  then  it  can  be  shown  that,  using  the  same  symbology  as  before. 


A — A + w.  A,  + w A 
e a bo  c c 

so  that  arithmetical  rather  than  rms  weighted  summing  is  more  appropriate  (and  in  fact,  more  'severe'). 

If  the  input  frequencies  are  harmonically  related  and/or  if  their  acceleration  levels  fluctuate,  then 
phase  relationships  are  important,  the  mathematics  becomes  complex  and  such  situations  can  probably  best  be 
explored  with  an  analogue  computer. 


3.3  Relevance  to  real  life 


The  practical  relevance  of  the  previors  philosophizing,  to  real  life  vibration  situations  will  next  be 
briefly  explored. 

First,  in  line  with  ISO  2631  it  will  he  assumed  that  human  tolerance  of  vibration  can  be  classified 
against  three  dominant  criteria; 

(i)  -V*  - direct  protection  of  health,  prevention  of  pain,  injury  etc  (ISO  2631  terra,  'exposure 

limit' ) ; 

(ii)  Performance  - maintenance  of  efficiency  during  a particular,  usually  world ag,  activity  (ISO  2631  terra, 
'fatigue-decreased  proficiency  boundary'); 

(iii)  'cmfort  - prevention  of  significant  discomfort,  which  may  in  some  cases  be  synonymous  with  mainten- 
ance of  performance  on  ordinary  activities  such  as  eating  and  reading,  (ISO  2631  term,  'reduced 
comfort  boundary'). 

What  body/analogue  outputs  or  responses  are  likely  to  be  appropriate  to  these  criteria?  ISO  2631 
assumes  that  the  same  response  (relative  displacement  or  spring  force,  see  section  2)  applies  equally  to 
all  three.  Thus,  2631  specifies  three  identically  shaped  tolerance  curves,  with  a fixed  hierarchical 
relationship,  'exposure  limit*  being  the  highest  and  'reduced  comfort  boundary*  the  lowest. 

This  seems  patently  unlikely,  certainly  as  a generalization.  Intuitively,  'safety*  is  likely  to  be 
dependent  on  the  forces  in  the  body  or  body  parts,  vhereas  'performance*  will  be  linked  with  absolute  or 
relative  displacements,  often  involving  body  parts  different  from  those  appropriate  to  safety.  The  parti- 
cular biodynamic  response  related  to  'comfort*  could  be  almost  any  one  or  more  of  those  previously  listed 
in  section  3.1,  again  involving  one  or  more  body  parts.  In  many  practical  situations  however,  acceptability 
will  be  greatly  affected  by  psychological  influences  such  as  experience,  expectancy  and  motivation,  and  by 
the  effect  of  vibration  on  activities  such  as  eating,  drinking  and  reading. 
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To  underline  this  last  point,  which  has  been  discussed  m depth  elsewhere  * , biodynamic 

reaction  is  only  one  of  several  major  factors  controlling  human  reaction  to  vibration.  On  the  reasoning 
above,  biodynamic  reaction  is  likely  to  dominate  'safety',  to  be  less  dominant  for  'performance' , and  even 
less  regarding  'comfort'. 

Therefore,  assuming  that  the  shape,  if  not  the  level  of  acceleration/frequency  tolerance  curves  is  to 
be  dictated  largely  by  biodynamic  reaction,  ideally  many  different  shapes  will  be  needed  if  we  wish  to 
cover  anything  but  a very  few  specific  situations.  These  will  need  to  cover  the  different  criteria  of 
acceptability  (safety,  performance  or  comfort)  and  different  applications  (passenger  v driver,  car  v aero- 
plane for  example) . 

Some  idea  of  the  large  number  of  different  shapes  ideally  required  to  cover  comprehensively  just  one 
particular  situation  is  given  in  Table  I,  usin^  vibration  of  a helicopter  pilot  as  an  example.  S , S etc 
denote  the  different  shapes  required,  but  ?ctual  forms  are  not  derived  here. 


Table  1 

ESTIMATED  NUMBER  OF  SHAPES  OF  TOLERATE  CURVES  (A/f)  TO  COVE”  VIBRATION  OF  HELICOPTER  PILOT 


Criteria 

Appropriate  body  analogue 

Appropriate  analogue  response 

Curve  shape 

1 

Safety 

(a) 

Short  term  emergency 
conditions 

Spine 

Load,  K(X  - Y) 

S* 

(b) 

Long  term,  cumulative 
effects 

Spine  or  other  critical 
body  part 

Load 

Absorbed  power  (possibly) 

*1. 

possibly  S 

s2 

2 

Performance 

(a) 

Inside  vision 

Body/head/eye 

Relative  displacement  (X  - Y) 

S3 

or  absolute  displacement  (X) 

S4 

(b) 

Outside  vision 

Body /head /eye 

Absolute  displacement 

S4 

(c) 

Manual  control 

Body/arm/hand 

Relative  displacement 

S5 

(d) 

Foot  control 

Body/leg/foot 

Relative  displacement 

S6 

etc 

3 

Comfort 

(a) 

Psychological  (fear  of 
helicopter  malfunction) 

(Any  change  in  normal  vibration  causing  a noticeable 
decrement  in  performance) 

VS6 

Cb) 

Fatigue 

(Perhaps  related  to  absorbed  power  or  repeated 
spinal  or  other  organ  loading) 

S2 

The  previous  analysis  has  given  some  idea  of  the  complexities  of  deriving  realistic  tolerance  curves 
based  on  biodynaraie  modelling,  and  the  large  number  of  curve  shapes  needed  to  cover  even  a reasonable 
breadth  of  application.  Also,  in  the  analysis,  two  questionable,  major  simplifying  assumpti >:is  were  made. 
These  overs  imp  1 if ic-  ions,  other  shortcomings  in  our  knowledge  of  body  analogues  in  relation  to  tolerance 
curves,  and  the  relevance  of  other  important  factors  influencing  human  reaction  to  vibration,  will  be  dis- 
cussed in  the  next  section. 

4 SHORTCOMINGS  IN  ANALOGUE  MODELLING,  RELATED  TO  THE  DERIVATION  OF  VIBRATION  TOLERANCE  CURVES 

4.1  In  section  3.1,  the  analogues  explored  were  assumed  to  be  passive  and  linear,  whereas  in  many  actual 
vibration  situations,  the  body  behaves  as  an  adaptive  and  active,  not  as  a passive  system.  This  important 
topic  merits  a detailed  study  in  its  uwn  r;ght  - few  investigators  seem  to  have  explored  it  - and  here 
only  a few  largely  intuitive,  qualitative  cotmm.nts  can  be  made.  Shortage  of  time  precludes  considerations 
of  non-linearity  effects,  which  are  probably  less  important. 

Several  workers  including  Rowlands***  and  Griffin*9  have  conclusively  demonstrated  that  under  certain 
conditions,  the  body  can  adapt  to  minimize  the  effects  of  vibration.  Muscle  relaxation  or  tension  can  be 
used  to  reduce  or  increase  the  natural  frequency  of  the  body  or  body  part,  and  thus  minimize  the  trans- 
mission of  the  applied  vibration,  for  example  to  the  head.  Cha  j,1’  ' 11  position  of  the  head,  torso  or  limbs 
can  also  be  employed  to  the  same  end.  Such  adaption  changes  th.*  « c.  ,-osition  of  the  body  analogues, 
presumably  by  adjusting  the  geometry,  the  effective  spring  rate  r . -eihaps,  the  damping,  and  should  where 
possible  be  allowed  for  in  modelling  tolerance  curves. 

The  active  properties  of  this  remarkable  body  system  in  mini:  ng  response  to  vibration  seem  to  have 

been  explored  even  less,  except  perhaps  in  relation  to  the  occular  }u'suit  reflex.  Here  it  has  been  well 
established  that  rapid  self-induced  movements  of  the  eyes  can  counteract  the  effects  of  vibration  on  vision, 
up  to  3 or  4 Hz  at  least.  In  the  absence  of  specific  objective  measurements,  considerat ion  of  the  tactile 
dexterity  of  pianists,  and  the  body,  leg  and  arm  dexterity  of,  for  example,  runners  and  conuuctors  suggests 
that  fingers  and  hands  can  track  (oscillate)  up  to  perhaps  8 Hz  and  limbs  up  to  about  5 Hz. 

In  practice,  this  means  that  the  body,  certainly  as  far  as  performance  of  certain  tasks  is  concerned, 
is  probably  much  more  tolerant  of  low  frequency  vibration  than  passive  or  even  adaptive  modelling  would 
suggest.  Also,  the  body  is  likely  to  be  particularly  tolerant  of  vibration  around  walking  frequency 
(1-2  Hz).  Compared  with  curves  derived  only  from  passive  modelling,  actual  tolerance  curves  at  frequencies 
below  the  main  body  trough  around  5 Hz,  are  therefore  likely  to  climb  more  steeply  with  decreasing 
frequency,  reaching  a plateau  around  1 Hz  and  falling  again  as  inertial  and  motion  sickness  reactions 
dominate^.  At  higher  frequencies,  say  above  10  Hz,  the  body  is  much  less  likely  to  be  able  actively  to 
neutralize  applied  vibration,  and  in  this  region  tolerance  curve  shapes  are  more  likely  to  follow  those 
derived  from  passive  analogue  modelling.  The  above  remarks  of  course  apply  mainly  to  repetitive  sinusoidal 
type  vibration.  The  body  is  likely  to  be  less  adaptive  to  random  or  unexpected  changes  in  vibration. 

At  low  frequencies,  therefore,  the  body  is  likely  to  behave  as  a position-controlled  servo  system, 
where  motion  of  the  body  or  body  parts  induced  by  external  vibration  is  counteracted  by  internally  induced 
movements. 

Based  on  the  reasoning  above  and  in  section  3,  and  backed  by  some  experimental  work,  in  Fig  7 some 
conceptual  tolerance  curve  shades  are  shewn  and  compared  with  that  in  ISO  2631. 


FI,  7 Son*  conceptual  changM  to  ISO  3631  that* 

4.2  Thara  ara  many  other  gape  in  aodelllng,  in  providing  a acientific.  quantifiable  baaia  for  human 
tolaranca  of  vibration.  Soma  of  thaaa  gapa  arc  liated  in  Table  2;  here  it  ia  only  intended  to  consent  on 
ona  or  two  of  tha  aora  important  of  thaa. 


a .is  i : 


Table  2 

CAPS  IN  MODELLING  HUMAN  RESPONSE  TO  VIBRATION 

BIO-MECHANICAL 

Seating,  harness 

Lateral,  fore  and  aft,  rotational 
Limbs 

Body  orientation 

Geo-centric,  basi-centric,  bio-centric 
Females 


OTHERS 

Active  and  adaptive  systems 
Duration  effects 

Chemical,  hydraulic,  electrical  systems 

Seating  atui  harness  Several  investigators*^’""^  * others  ^aye  confirmed  that  these  can  play  an  important, 
sometimes  a dominant  part  in  transmission  of,  and  hence  in  human  response  to,  vibration.  They  affect 
vibration  inputs  to  the  arms,  back  and  head,  and  couple  an  external  mechanical  system  to  the  body.  Some- 
times the  net  effect  is  to  suppress  whole  body  response  (increase  tolerance  around  5 Hz),  and  increase  head 
vibration  (reduce  tolerance  around  15  Hz). 

Body  orientation  Recent  work  by  Dupuis  and  others  has  confirmed  that  different  analogues  and  different 
shaped  response  (tolerance)  curves  are  needed  to  cover  recumbent  as  compared  with  seated  and  standing 
persons. 

Duration  of  exposure  Apart  perhaps  from  the  absorbed  power  theory,  generally,  biodynamic  modelling  has 
not  been  used  to  calculate  any  effects  of  duration  of  exposure  and  recovery  from  it  (in  contrast  for 
example,  to  modelling  the  cumulative  effects  of,  and  recovery  from  thermal  stress).  In  his  proposals^  on 
tolerance  of  repeated  shocks,  this  author  introduced  a cumulative  dose  characteristic  into  the  body  ana- 
logue employed,  analogous  to  metal  fatigue,  and  used  Miner's  rule  for  assessing  the  effects  of  a complex 
dose.  Surely,  for  some  applications,  we  do  need  to  introduce  duration-dependent  characteristics  into  body 
analogues,  but  how?  Perhaps  at  low  frequencies  at  least,  the  active  (muscular)  control  of  body  vibration 
referred  to  in  section  4.1,  and  achieved  at  the  expense  of  body  energy,  could  be  modelled.  If  so  it  would 
probably  need  to  be  related  to  total  power  input  rather  than  absorbed  power. 

Chemical,  hydraulic,  electrical  and  other  body  systems  If  we  are  ever  to  achieve  a deeper  understanding 
of  the  effects  of  vibration  on  this  complex  human  machine,  then  we  must  be  able  to  explain,  that  is  model, 
the  known  effects  on  other  body  systems  such  as  the  hydraulic  (cardio-vascular) , the  pneumatic  (respirat- 
ory), and  the  electrical  (neuro-muscular) , to  cite  just  three.  (This  is  the  real  all-embracing 
'biodynamics'  - surely  'bio-mechanics'  is  the  more-specific  description  for  the  structural-type  response 
covered  in  the  other  parts  of  this  paper!) 

4.3  Having  demonstrated  the  magnitude  and  complexity  of  the  task,  we  will  in  the  next  section  list  some 
suggestions  concerning  the  further  work  which  is  needed.  Perhaps  this  will  at  least  incite  some  investi- 
gators to  react,  if  only  to  prove  that  many  of  the  assumptions,  suppositions  and  assertions  in  this  paper 
are  incorrect! 

5 SUGGESTIONS  FOR  FUTURE  WORK 

5.1  A general  plea  is  made  for  all  investigators  of  human  reaction  to  vibration  to  consider  how,  in  any 
future  work,  they  can  best  provide  data  which  will  help  to  increase  our  understanding  and  knowledge  of  the 
application  of  biodynamic  modelling  to  the  derivation  of  specifications  for  human  tolerance.  In  particular, 
work  along  the  following  lines  would  appear  to  be  profitable: 

(i)  A more  detailed,  critical  review  of  the  literature,  particularly  to  see  if  the  problems  discussed  in 
this  paper  have  been  investigated,  and  to  help  in  the  planning  of  future  work; 

(ii)  laboratory  based  work  - 

(a)  to  establish  which  body/analogue  responses  are  appropriate  to  particular  vibration  applications 
covering  safety,  performance  and  comfort  criteria, 

(b)  first,  biodynamic  measurements  and  then,  biodynamic  modelling  of  the  responses  established  in 

(a), 

(c)  derivation  of  tolerance  curves  from  (a)  and  (b), 

(d)  subject  to  the  findings  of  (i)  above,  work  is  particularly  needed  to  fill  in  the  major  gaps  in 
knowledge  discussed  in  section  4; 

(iii)  field  work  to  explore  the  relevance  of  laboratory  baaed  findings  to  real  life. 

Mora  specific  lines  for  further  work  are  implicit  in  sections  3 and  4. 
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6 IN  CONCLUSION 

It  is  apparent  that  there  are  considerable  shortcomings  in  our  knowledge  of,  and  our  approach  to  bio- 
dyuamic  modelling  as  related  to  human  tolerance  of  vibration  and  shock. 

Particularly,  insufficient  thought  has  been  given  to  the  important  differences  between  the  several 
types  of  responses  of  the  body/analogue  to  applied  vibration,  and  their  relevance  to  real-life.  A technique 
for  exploring  these  differences  has  been  demonstrated  theoretically  using  simple  body  analogues  and 
relating  their  responses  to  a typical  vibration  situation  involving  human  safety,  performance  and  comfort. 
The  usefulness  of  analogues  in  predicting  response  to  complex  vibration  inputs  has  also  been  shewn. 

Some  other  gaps  in  knowledge,  particularly  of  the  effects  of  the  adaptive  and  active  properties  of 
the  body,  of  seating  and  of  duration  of  exposure,  have  been  briefly  discussed,  and  finally,  suggestions  have 
been  offered  for  further  work. 

It  is  hoped  that  this  controversial  paper  will  further  stimulate  thought  and  action  on  a subject  which 
is  particularly  important  for  the  pending  revision  of  ISO  263!. 
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DISCUSSION 


COL  JOHNSON  (USA) 

You  mentioned  a need  for  more  study  of  man’s  ability  to  tolerate  vibration  over 
time.  I can  understand  the  problem  in  helicopter  aircraft,  but  have  you  had  iden- 
tified to  you  as  a researcher  by  someone  from  the  operational  community  any  prob- 
lems in  vibration  in  turbine  aircraft.  Jet  fighter  or  Jet  transportation?  Do  the 
operators  really  feel  that  there’s  a problem,  or  do  you,  the  researchers,  feel  that 
there's  a problem  for  more  research  in  vibration? 

AUTHOR’S  REPLY 

In  many  of  the  routine  flying  environments  in  strike  aircraft  the  vibration  environ- 
ment is  not  severe.  However,  there  is  a problem  If  one  runs  into  turbulent  flight. 
Then  the  body  is  being  subjected  to  considerable  notions  at  low  frequency,  large 
amplitude,  and  the  crew  has  to  do  a lot  of  physical  work  to  correct  for  that.  There 
I think  we  have  to  consider  vibration  fatigue  as  an  important  factor.  The  vibration 
problem  is  also  severe  in  helicopters. 

DR.  VON  UIERKE  (USA) 

If  Dr,  Ewing  would  be  here,  I am  sure  he  would  remind  us  that  the  vibration  envir- 
onment is  a major  problem  on  surface  effects  ships. 

DR.  ORATZL  (PRO 

Would  you  comment  on  the  applicability  of  the  ISO  Standard  ?631  on  human  vibration 
exposure  to  the  military  situation? 

AUTHOR’S  REPLY 

I prefer  that  Dr.  von  Oierke  answers  this  question. 

DR.  VON  OIERKE  (USA) 

The  international  standard  on  vibration  exposure  applies  to  the  whole  general  pop- 
ulation including  female  and  children.  The  US  Department  of  Defense  has  a military 
specification  which  allows  the  exposure  limits  to  be  twice  as  high  with  respect  to 
the  acceleration  levels  as  in  the  International  standard.  This  recommendation  Is 
strictly  for  the  US  Department  or  Defense  and  relevant  precautions  are  well  Justi- 
fied. In  many  situations  even  this  limit  can  be  exceeded  but  it  should  not  be 
exceeded  without  specifically  assessing  the  need  and  the  risk  Involved. 

DR.  JEX  (USA) 

Many  of  the  things  which  you  advocate  such  as  the  use  of  more  elegant  blodynamic 
models  to  look  at  the  stresses  and  strains  as  bases  for  comfort,  fatigue  or  per- 
formance changes  are  being  examined  and  I will  talk  about  then  later  in  my  paper. 
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Summary 


A mechanical  model  of  the  human  body  in  the  sitting  posture  is  described.  The  model 
parameters  were  derived  from  the  results  of  steady  state  vibration  experiments  conducted 
under  various  levels  oi  static  acceleration  up  to  +4  Gz.  The  resulting  nonlinear  beha- 
viour of  the  human  body  was  modeled  by  calculating  the  characteristics  of  the  model 
elements.  To  investigate  the  model's  response  under  impact  loads,  the  characteristics 
of  the  elements  were  extrapolated  beyond  4 G.  The  model  was  exercised  with  different 
input  pulse  shapes  and  the  resulting  forces  and  mass  displacements  were  calculated.  The 
results  show  that  the  model  is  able  to  predict  the  forces  *n  the  vertebral  column  for 
arbitrary  input  pulse  shapes.  The  fact  that  a rectangular  cceleration  pulse  of  ?Q  Gz 
causes  spinal  injuries  could  be  demonstrated  by  the  respon„e  of  the  model.  Thes»  'indings 
are  compared  with  the  Dynamic  Response  Index  (DRI)  concept.  The  characteristic  u.  the 
nonlinear  elements  under  high  load  was  estimated,  and  the  results  indicate  that  the 
present  model  emphasizes  the  high  frequency  contents  of  the  input  pulses  more  than  the 
Dynamic  Response  Index  model. 


Introduction 


Mechanical  models  of  the  human  body  have  been  used  to  assess  its  behaviour  under 
dynamic  loading.  Forces  and  displacements  within  the  body  can  be  calculated  from  such 
a model  if  it  represents  the  human  body  in  a realistic  way.  If  the  forces  of  the  input 
functions  exceed  those  which  are  encountered  in  our  nonhazardous  everyday-life,  the 
nonlinear  properties  of  tissues  have  to  be  taken  into  account.  [1] 


The  Model 


In  the  past,  we  have  developed  such  a model  which  is  still  rather  simple;  however 
it  represents  the  main  body  parts.  The  design  is  shown  in  Fig.  1.  The  properties  of  most 
of  the  elements  contained  in  th.t  model  are  known  from  test  results.  For  example  the 
values  for  the  masses  were  taken  from  tables  of  human  tody  anthropometric  measurements  12 J. 
The  static  and  dynamic  properties  of  the  vertebral  column  were  investigated,  among  others, 
by  KAZARIAN  [3].  The  natural  frequency  of  the  abdominal  viscera  vas  derived  fro’/i  internal 
nressure  measurements  conducted  by  WHITE  et  al.  [4).  As  the  mass  of  this  system  is  known, 
the  spring-constant  can  be  deduced. 

The  body  parameters  which  are  not  known  were  estimated  and  inserted  into  the  model. 

By  variation  of  the  free  parameters  on  a digital  computer,  mechanical  impedance  and 
transmissibility  from  seat  to  head  could  be  simulated  simultaneously  for  magnitude  and 
phase  for  small  vibration  amplitudes  (-  0.3  G)  (see  Fig.  2). 

The  values  for  stiffness  and  damping  determined  by  this  procedure  are  only  valid  for 
the  normal  static  preload  of  1 G in  the  upright  sitting  posture  and  for  small  vibration 
amplitudes  encountered  in  everyday  life.  However,  if  the  forces  of  gravity  acting  on  the 
body  increase,  the  values  for  stiffness  and  damping  are  shifted  to  different  regions  of 
their  characteristic  curve.  To  determine  these  nonlinear  characteristics  quantitatively, 
the  model  parameters  were  varied  until  the  theoretical  behaviour  of  the  model  was  in 
accordance  with  vibration  test  results  derived  from  human  subjects  under  increased  static 
gravity  up  to  »4  Gz  [5J  (see  Fig,  3). 


During  the  process  of  varying  the  model  parameters,  all  the  masses  were  kept  constant 
and  only  the  values  for  spring  stiffness  and  damping  were  varied.  The  resulting  characte- 
ristics for  the  springs  and  dampers  are  shown  in  Fig,  4 - 10.  Their  numerical  values  are 
given  in  Tab,  I.  The  model  containing  these  parameters  has  already  been  used  in  a previous 
study  (5)  dealing  with  vibration  isolation  problems.  By  minimizing  the  model  output, 
seat  cushions  could  be  designed  which  would  give  optimal  vibration  protection  under  normal 
and  under  increased  gravity. 


The  i'Iodel  under  Impact 


The  purpose  of  this  paper  is,  to  describe  our  efforts  to  investigate  the  behaviour 
of  the  modei  under  impact  conditions  and  to  calculate  the  resulting  forces  within  the 
model.  Certain  limitations,  however,  have  to  be  considered  when  the  model  output  is 
applied  to  situations  in  the  real  world.  The  fir3t  and  most  important  limitation  is  that 
the  characteristics  of  the  elements  are  only  known  in  the  region  between  1 G and  4 G. 

Most  impacts,  however,  contain  considerably  higher  accelerations.  Therefore,  the  trends 
of  the  characteristics  had  to  be  extrapolated  beyond  4 G.  This  extrapolation  is  based  on 
the  fact  that  most  characteristics  that  have  a sharp  curvature  between  1 G and  2 U tend 
towards  linearity  under  increasing  loads.  A3  a first  approximation  we  have  assumed  that 
the  springs  and  dampers,  when  compressed  under  high  G-loads,  double  their  value  ir.  com- 
parison with  the  +4  G condition.  We  are  aware  that  this  assumption  may  need  to  be  changed 
to  incorporate  the  results  of  future  tests.  The  second  limitation,  when  transferring 
results  from  theoretical  studies  to  humans,  is  that  the  breaking  strength  of  biological 
tissue  is  not  constant  as  in  technical  systems,  but  rather  depends  on  the  velocity  with 
which  the  load  is  applied.  For  the  vertebral  column,  this  was  shown  by  KAZARIAN  [6J. 

The  spine  is  especially  sensitive  to  impacts  acting  ir>  the  headward  direction,  and  i3 
the  site  of  the  majority  of  injuries.  According  to  KAZARIAN  [6 ] and  GEERTZ  171,  the 
breaking  "'trength  of  the  vertebral  column  is  between  9000  N and  11000  N for  the  lumbar 
part  and  between  6000  N and  9000  N for  the  thoracis  part.  Another  limitation  of  our  model 
is  that  it  has  only  one  dimension  in  the  Z-axis:  this  means  that  it  does  not  simulate 
any  torque  forces. 


Rectangular  Pulse 


In  order  to  improve  our  model,  we  made  a computer  simulation  with  different  input 
pulses.  The  force  was  applied  through  spring  K 2 and  damper  D 2 which  form  the  buttocks 
portion  of  the  model.  In  Pig.  11,  we  employed  a rectangular  accelerate ;n  pulse  as  the 
force  input.  The  acceleration  rises  to  20  G and  returns  to  0 G aft'r  0.15  seconds.  In 
the  center  of  the  figure,  the  seat  acceleration  is  shown  as  a rectangular  curve  together 
with  the  corresponding  acceleration  of  mass  7 of  the  model  plotted  against  time.  M 7 re- 
presents the  head.  While  the  seat  acceleration  stays  constant  at  20  G,  the  head  shows  a 
short  overshoot  to  30  G.  This  is  the  result  of  the  energy  initially  stortd  in  the  springs 
of  the  spine.  Also  noteworthy  is  the  negative  acceleration  of  the  bead  after  the  abrupt 
decay  of  the  seat  acceleration.  This,  however,  has  no  practical  meaning  since  in  a real 
world  situation  the  subject  is  not  rigidly  connected  to  the  seat. 


In  the  upper  part  of  the  figure,  the  forces  in  the  model  spine  are  plotted  against 
time.  P 3 is  related  to  the  lumbar  portion  of  the  vertebral  column  while  F 5 represents 
the  forces  in  the  thoracic  section.  The  resulting  forces  are  15440  N in  the  lower  part 
of  the  vertebral  column  and  10900  N in  the  upper.  These  values  significantly  exceed  the 
breaking  strength  of  the  spine.  We  also  calculated  the  "Dynamic  Response  Index"  (DRI) 
[B]  for  the  tested  impact  pulses.  The  resulting  index  for  the  rectangular  impact  pulse 
is  30.2  which  would  represent  a spinal  injury  rate  of  theoretically  more  than  100  *. 

In  the  lower  part  of  the  figure,  the  total  displacement  or  the  model  along  its  Z-axla 
is  plotted  against  time  and  has  a maximum  of  34  mm.  The  displacement  does  not  return 
exactly  to  its  initial  value  after  one  second.  This  is  caused  by  inaccuracies  in  the 
digital  computer  which  arise  when  the  reactions  of  the  model  are  calculated  in  sm-ll 
discrete  steps  of  time. 


Trapezoidal  Pulse 


According  to  EIBAND  [91,  a headward  impact  of  20  0 is  tolerable  if  the  rate  of  onset 
does  not  exceed  200  Q/sec.  An  impact  of  this  type  is  shown  in  Pig.  12.  The  area  under 
the  curve  is  equal  to  the  rectangular  pulse  shown  previously  in  Pig.  II,  thus  giving  an 
equal  velocity  change  of  20  m/s.  After  a constant  rise  with  200  G/sec.,  an  acceleration 
plateau  of  20  0 is  reached  after  0.1  seconds.  It  remains  at  this  level  for  0.1  seconds 
and  returns  with  a step  function  to  0 G.  The  calculated  model  response  is  plotted  in  the 
same  manner  used  for  the  rectangular  input  function.  As  expected,  there  is  a reduction 
of  the  maximum  force  in  the  spine  to  9800  N for  the  lumbar  region  and  to  63RO  N for  the 
thoracic  portion.  These  values  are  very  close  to  the  breaking  strength  of  the  spine. 

The  calculated  DRI  equals  22. 9 . This  value  is  still  related  to  a spinal  injury  rate  of 
approximately  100  \ . 


Half-Sine  Pulse 


In  another  series  of  computer  simulations,  we  used  a half  sinewave  as  a forcing 
function  (see  Pig.  13).  The  area  under  the  curve,  again,  is  also  eqisl  to  the  rectangular 
pulse  used  in  Pig.  11.  Compared  with  this  rectangular  pulse,  there  ic  i reduction  of 
forces  to  9300  N in  the  lumbar  region  and  to  6100  N in  the  thoracic  region,  respectively. 


Mb  3 


These  values  are  lower  than  the  breaking  strength.  There  is  almost  no  overshoot  of  body 
masses  as  a result  of  the  slow  onset  and  decay  of  the  input  pulse.  The  maximum  foi c=s 
are  only  5 % above  those  minimum  forces  which  can  theoretically  be  produced  by  a 20  G 
acceleration.  The  calculated  DRI  for  this  half  siriewave  is  20.3  which  gives  a spinal 
injury  rate  of  3 2 t. 


F 111  Ejection  Pulse 


Finally  we  exercised  the  model  with  a realistic  input  pulse  for  an  escape  system.  As 
an  example  we  used  the  acceleration  time-course  of  the  F 111  escape  system.  It  is  shown 
in  Fig.  14  together  with  the  model's  response.  The  escape  system  has  a very  steep  onset 
of  acceleration  during  the  first  50  milliseconds,  which  is  produced  by  the  build-up  of 
rocket  gas  pressure  between  the  crew  escape  module  and  the  aircraft  fuselage  [la].  The 
calculations  for  this  pulse  shape  snow  maximum  forces  for  the  lumbar  spine  of  12310  N 
and  3980  N for  the  thoracic  portion  of  the  vertebral  column,  respectively.  These  values 
are  slightly  above  the  breaking  strength  of  the  spine.  However,  the  calculated  DRI  is 
18.8  for  this  input  pulse,  producing  a spinal  injury  rate  of  16  S.  These  findings  are 
opposed  to  our  results  concerning  the  maximum  forces  in  the  vertebral  column;  but  it  must 
be  taken  into  account  that  in  our  model  tnere  are  no  coupling  elements  between  the 
accelerated  floor  and  the  body  as  in  the  real  escape  module. 


Conclusions 


The  described  model  is  based  on  the  results  of  steady  state  vibration  experiment?, 
which  were  carried  out  under  different  levels  of  static  acceleration.  If  the  nonlinear 
behaviour  of  the  human  body  which  is  thus  reveiied  is  taken  into  account  such  a model 
can  be  used  to  assess  the  impact  tolerance  of  the  human  body.  It  has  been  shown  that  the 
presented  system  is  able  to  predict  the  forces  in  the  human  3pine  for  arbitrary  pulse 
inputs.  The  effect  that  a rectangular  acceleration  shock  of  20  Gz  results  in  injuries, 
other  than  a trapezoidal  or  sinosoidal  shock  of  the  same  maximum  acceleration  and  the 
same  velocity  change  could  be  demonstrated  quantitatively.  If  these  findings  are  com- 
pared with  the  Dynamic  Response  Index  concept  which  uses  only  linear  model  elements  it 
becomes  obvious  that  the  high-frequency  components  of  the  input  pulse  have  a more  pro- 
nounced effect  on  the  forces  produced  in  the  vertebral  column  than  predicted  by  the  DRI. 
This  fact  may  explain  descrepancies  which  sometimes  arise  between  predicted  and  actual 
tolerance  levels  when  using  the  DRI  concept.  Another  advantage  of  the  approach  described 
in  this  paper  is  that  the  impact  tolerance  of  the  human  body  may  be  predicted  by  a system 
which  may  be  designed  without  actual  impact  tests  with  human  subjects.  Thus  avoiding 
most  of  problems  which  are  usually  comprised  in  such  test  situation*. 
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Model  Parts 


M 1 Mass  ) 

K 1 Spring  ) of  the  legs,  resting  on  the  seat 

C 1 Damper  ) 

M 2 Maas  ) 

K 2 Spring  ) of  the  buttocks 

C 2 Damper  ) 


K 3 Spring  ) 
C 3 Damper  ) 

K 5 Spring  ) 
C 5 Damper  ) 

K.  7 Spring  ) 
C 7 Damper  ) 


of  the  spine  from  L 1 to  S 1 

of  the  spine  from  T 1 to  T 12 

of  the  spine  from  0 1 to  C 7 


M 4 Mass  ) 

K 4 Spring  ) of  the  abdominal  system 

C 4 Damper  ) 

M 6 Mass  ) 

K 6 Spring  ) of  the  chest  system 

C 6 Damper  ) 

M 7 Mass  of  the  head 


Fig.  1.  Model  of  the  sitting  human  * ody 
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DISCUSSION 


DR.  VON  OIERKE  (USA) 

Did  you  make  a comparison  of  your  model  predictions  with  actual  accidents? 

AUTHOR'S  REPLY 

No*  we  compared  the  model's  response  to  some  drop  test  results.  We  found  again 
that  our  model  overemphasises  this  very  short  duration  pulse.  So  we  have  to 
change  our  model  parameters  to  get  the  model  response  closer  to  reality. 

DR.  VON  OIERKE  (USA) 

Are  the  drop  test  results  data  on  subjective  Judgment  of  severity  or  are  they  on 
cadaver  specimen? 

AUTHOR'S  REPLY 

No,  they  were  on  living  subjects.  But  these  drop  tests  were  not  our  own  experi- 
ments; we  got  the  data  from  the  literature.  As  indicators  they  used  the  acceler- 
ations at  the  head. 

DR.  JEX  (USA) 

Your  model  as  shown  in  the  seated  figure  shows  a separate  mass  for  the  leg  as  com- 
pared to  the  rest  of  the  body;  we  would  say,  you  have  your  thigh  bone  disconnected 
from  your  leg  bone.  That  may  be  a satisfactory  model  for  matching  the  impedance 
at  the  seat,  but  it  cannot  affect  transmlsslblllty  to  the  head.  Is  that  correct? 
The  mass  of  the  legs  will  vibrate  in  your  model  Independently  of  the  rest  of  the 
body? 

AUTHOR'S  REPLY 

That  is  correct. 

DR.  VON  OIERKE  (USA) 

But  your  combined  mass  adds  up  tc  the  total  mass  of  the  body.  That  is  the  reason 
for  your  configuration? 

AUTHORS  REPLY 


Yes 


SOME  HUMAN  RESPONSES  TO  REPEATED  +CZ  PULSES 


Edwin  Hendler,  Ph.D.  and  David  C.  Johanson,  LTJG  MSC  USNR 
Life  Sciences  Division 

Aircraft  and  Crew  Systems  Technology  Directorate 
Naval  Air  Development  Center 
Warminster,  PA  18974 


SUMMARY 


Six  unprotected  and  relaxed  subjects  were  exposed  to  haversine-shaoed  acceleration  pulses 
while  seated  upright  in  a centrifuge  and  simultaneously  performing  a continuous  tracking  task 
and  a discrete  visual-motor  response-time  task.  Twenty-five  different  acceleration  pulses 
were  used,  resulting  from  all  combinations  of  1.5,  2.0,  2.5,  3.0,  and  3.5  Gz  levels  and  "0," 

10  , 20,  40,  and  80  s plateau  Gz  durations  ("0"  s represents  a pulse  sAich  momentarily  peaked 
at  one  of  the  desired  levels).  Each  subject  made  5 successive  runs  a day,  with  each  run 
containing  a different  acceleration  pulse;  each  week  of  5 test  days  therefore  included  all 
25  pulses.  The  order  of  runs  for  weeks  1 and  3 were  identical  for  each  subject  individually, 
and  in  weeks  2 and  4,  the  run  order  was  reversed.  The  time  of  day  when  each  subject  was 
exposed  was  varied  systematically.  A run  consisted  of  a 1 minute  pre  phase,  an  acceleration 
phase,  three  1 minute  recovery  phases,  and  a 1 minute  rest  period.  From  the  data  collected, 
relationships  were  explored  between  the  dependent  variables  (mean  heart  rate  (m) , mean 
respiration  rate  (MRR),  mean  tracking  error  (MTE),  and  mean  response  time  (MRT))  with  pulse 
level  (Gz)  and  plateau  duration  (t)  for  the  entire  runs  and  for  the  individual  phases  of 
runs.  Multiple  regression  equations  were  derived  relating  MHR  and  HTE  to  both  Gz  and  t. 
Correlations  between  dependent  variables  were  calculated,  as  were  measures  of  relative 
variability.  Changes  Induced  in  the  dependent  variables  by  the  acceleration  pulses  declined 
to  insignificant  levels  by  the  second  minute  of  recovery,  Pre  phase  values  for  each  run 
across  the  20  day  test  period  showed  changes  in  MRT  and  MTE  which  could  be  related  to 
interruptions  in  the  test  program.  Consistent  wlthln-day  changes  in  pre-phase  MTE  were  found, 
as  well  as  lrdlcatlons  of  task  trade  offs.  Only  MHR  showed  a significant  relationship  to  the 
Impulse  (Gz  x t)  represented  by  the  acceleration  pulses.  Finally,  analyses  of  blood  end 
urine  were  found  to  yield  laigely  negative  results,  confirming  the  ispre salon  that  the 
subjects  recovered  rapidly  from  any  stress  effects. 


Introduction 


Two  years  befora  his  brother's  first  powered  flight,  Wilbur  Wright  pointed  out  that  ths  inabj'ity  of 
the  pilot  to  "balance  and  steer"  his  aircraft  constituted  one  of  the  chief  obstacles  to  ushering  ? the 
age  of  flying  machines  (1).  From  the  early  days  of  World  War  II  to  the  present,  numerous  studies  tve 
been  conducted  to  establish  human  pilot  dynamics  and  develop  predictive  models  from  which  Improved  manual 
control  elements  can  be  specified.  As  pointed  out  recently  (2),  the  Influence  of  a multitude  of 
potentially  relevant  variables  exist  be  established  to  permit  accurate  modeling.  One  category  of  key 
variables  is  pilot-centered,  and  Is  concerned  with  such  factors  as  motivation  and  fatigue.  The  latter 
is  of  particular  Interest,  since  It  Is  the  term  frequently  employed  by  pilots  in  describing  their 
reactions  after  engaging  in  air  combat  maneuvers  in  modem  fighter  aircraft. 

It  is  the  purpose  of  the  present  study,  a part  of  which  is  described  here,  to  quantify  some  of  ths 
physiological  and  performance  responses  of  human  subjects  to  repeated  accelerations,  so  that  the 
cumulative  effects  of  such  exposures  may  be  determined,  as  well  as  the  recovery  times  required  to 
reverse  any  decrement  that  occurs.  The  first  phase  of  this  study  represents  an  attempt  to  obtain  base- 
line response  measurements  with  relaxed  and  unprotected  subjects  exposed  to  single  pulses  of  acceleration 
having  various  durations.  In  the  second  phase,  emphasis  will  be  directed  to  the  effects  of  interval 
duration  between  successive  acceleration  pulses.  Later  phases  will  explore  these  relationships  when 
higher  G levels  are  employed,  in  conjunct  ion  .with  the  use  of  protective  measures,  such  as  antl-G  suits, 
performance  of  the  M-l  maneuver,  and  supination  of  the  supporting  seat. 

Cener  *1 


All  taats  were  made  uaing  the  Revel  Air  Development  Center  Dynamic  Flight  Simulator  (DFS)  facility. 
This  facility  conaiits  eaaentlally  of  a man-rated  centrifuge  having  an  arm  15.2  m long  and  a spherical 
gondola,  about  3 m in  diameter.  The  gondola  la  mounted  within  a two-gimbal  system,  so  that  controlled 
motions  in  pitch  and  roll  esn  be  applied  to  the  test  load.  Disorientation  and  nauaea,  coimaonly 
experienced  by  pertona  riding  centrifuges,  but  which  are  leaa  cotton  In  actual  flight  maneuvers,  are 
minimised  In  the  DFS  by  proper  global  movements  relative  to  the  resultant  acceleration.  Acceleration 
was  measured  by  accelerometers  mounted  on  the  seat  within  the  gondola  to  sn  accuracy  of  + ,05C,  A more 
complete  description  of  thla  facility  haa  bean  previously  given  (3,  4), 

Sub facta 

Five  young  men  who  volunteered  to  participate  in  this  study  were  selected  from  a group  of  volunteers 
on  the  basis  of  their  ability  to  withstand  sn  exposure  to  3.5  Gz«  while  telexed,  without  suffering  loss 
of  peripheral  vision  (greyout).  The  subjects  were  fully  Informed  regarding  the  purpose  of  the  study, 
the  procedures  to  be  followed,  end  the  possible  hasards  Involved.  Despite  the  screening,  it  wsa 
necessary  to  replace  one  of  the  subjects  (Subject  3)  early  In  the  series  of  rune  with  an  alternate 
(Subject  6),  Physical  Chirac  carls tlci  of  the  subjects  are  presented  in  Table  1,  All  subjects  were 
trained  under  both  static  and  dynamic  conditions  to  perform  the  tasks  described  below  until  they 
approached  stable  levels  of  performance. 
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Subject  Preparation 


Each  subject  wore  ECC  electrodes  on  his  chest  and  one  or  two  doppler  flowmeter  transceivers  over  the 
temporal  artery  on  one  or  both  sides  of  his  head.  The  flowmeters  used  were  L&M  Electronics,  Inc. 
Directional  Ultrasonic  Flowmeters  Model  1012;  the  transceiver  was  carefully  positioned  to  obtain  maximum 
signal  strength,  based  upon  an  audible  rendition  of  pulsatile  blood  flow.  Clothing  consisted  of 
underwear,  shoes,  socks,  and  a light-weight  coverall. 

Work  Space 

A special  articulating  seat  located  within  the  gondola  was  adjusted  so  that  the  subject,  when 
restrained  with  a standard  Havy  torso  harness,  could  view  a 13  cm  black  and  white  TV  screen  positioned 
about  86  cm  directly  in  front  of,  and  level  with,  the  seat  headrest.  The  seatback  was  fixed  at  an  angle 
of  15  degrees  back  from  the  vertical.  A two-axis,  force-displacement  sidearm  controller  mounted 
horizontally  on  the  right  arm  rest,  was  used  by  the  subject  to  perform  the  tracking  task  described 
below.  A switch  on  the  controller  provided  the  subject  with  the  option  of  stopping  the  centrifuge. 
Activation  of  a spring-loaded  button  on  a hand  grip  located  on  the  left  arm  rest  extinguished  a red 
light  located  at  eye-level,  38  cm  to  the  subject's  left  of  the  center  of  the  TV  screen.  Continuous 
surveillance  of  the  subject  by  the  medical  monitor  and  other  observers  wao  assured  by  the  use  of  a TV 
camera,  sensitive  to  both  visible  and  infrared  radiation,  which  was  mounted  in  the  gondola  so  that  it 
provided  a close-up  image  of  the  subject's  face  on  externally  located  TV  monitors.  Two-way  voice 
communication  was  maintained  through  a microphone  positioned  in  front  of  the  subject's  lips,  and  a 
speaker  mounted  in  the  gondola  close  to  the  subject's  head. 

Ambient  light  levels  within  the  gondola  were  subdued,  end  varied  from  a high  of  3.2  ft-c  at  the 
subject's  eye  location  to  0.8  ft-c  behind  the  seat.  The  subjects  were  adapted  to  general  light  levels 
of  about  9,6  log  uuL,  for  which  an  lnstantaneoua  threshold  is  estimated  to  have  been  about  8 log  uuL . 
The  targets  viewed  by  the  subjects  were  at  least  1.5  to  2 orders  of  magnitude  above  visual  threshold 
levels,  even  with  the  changes  In  threshold  calculated  to  have  been  Induced  during  exposure  to  the 
maximum  G level  (5). 

Performance  Tasks 


Two  visual-motor  tasks  were  simultaneously  employed  to  assess  performance  capability.  The  first  was 
a continuous  trucking  task,  in  which  the  subject  manipulated  the  hand  controller  mentioned  above  to 
adjust  the  positions  of  two  mutually  perpendicular  lines  (needles)  of  an  aircraft  Attitude-Direction 
Indicator  (ADI),  An  image  of  the  ADI  was  displayed  on  the  TV  screen  in  front  of  the  subject;  the 
subject's  task  was  to  keep  the  needles  crossed  in  the  center  of  the  display  (null  positia).  Both 
needles  were  continuously  driven  by  the  mixed  input  from  three  oscillators,  set  at  0.33.  0.14,  and 
0.09  Hz,  respectively,  so  that  the  horizontal  (x)  needle  moved  vertically  on  the  screen  while  the 
vertical  (y)  needle  swept  horizontally  across  the  screen.  The  proportions  of  each  of  th?  frequencies 
applied  to  each  of  the  needles  were  not  the  same.  To  the  subject,  the  direction  and  magnitude  of 
needle  movements  therefore  appeared  to  be  erratic  and  unpredictable.  When  either  or  both  of  the  needlee 
moved  more  than  one- fourth  of  their  full  scale  displacement  from  the  null  position  (out  of  an  unmarked 
area  designated  as  the  "target  circle”),  en  electronic  buzzer  sounded.  The  intensity  of  sound  was 
adjusted  to  be  proportional  to  the  distance  of  the  needle  croee  point  outside  the  boundary  of  the  target 
circle,  thereby  alerting  the  subject  to  deteriorating  performance.  Manipulation  of  the  hand  controller 
not  only  determined  the  direction  in  which  the  needlee  moved,  but  also  their  rate  of  movement.  Thus, 
when  force  wee  exerted  on  the  controller  to  move  it  both  back  toward  the  subject  and  to  his  left,  the 
x needle  was  displaced  upward  on  the  viewing  screen  end  the  y needle  moved  toward  the  subject' a left. 

The  rate  of  these  needle  movements  was  directly  dependent  upon  the  amount  of  force  exerted  by  the 
subject  when  manipulating  the  hand  controller.  When  the  hand  controller  wee  not  activated,  the  needle 
cross  point  remained  outside  the  target  circle  about  82  per  cent  of  the  time;  activation  of  the  hand 
controller  could  result  in  the  needle  cross  point  remaining  outside  the  target  circle  between  0 and  100 
per  cent  of  the  time,  depending  upon  the  eklll  of  the  subject.  During  training,  the  amplitude  of 
Imposed  needle  displacements  to  be  nulled  *y  the  subject  was  gradually  increased  over  a period  of  days, 
from  about  50  per  cent  of  maximum  to  maximum,  ee  the  subjects  learned  to  perform  this  task. 

The  second  task  consisted  of  extinguishing  the  red  light  already  described,  by  depressing  the  button 
on  the  left  hand  grip  as  soon  ee  possible  after  the  light  was  seen.  The  light  source  was  a light 
emitting  diode  covered  with  a transparent  red  filter.  By  pushing  the  button,  the  subject  deactivate ' 
the  light,  set  a random  timer  to  one  of  eight  possible  positions  which  determined  the  duration  of  the 
"off"  period,  stopped  en  elapsed  time  counter  and  caused  a printer  to  print  out  the  elapsed  time  in 
milliseconds.  The  eight  "off1  periods  rangsd  in  2 t Intervals  from  a minimum  of  100  ms  to  a maximal 
of  14.1  s. 

Clinical 


Each  subject  had  received  a complete  physical  examination  prior  to  exposure  to  assure  that  he  wee 
qualified  to  participate  in  this  study;  in  addition,  he  received  extra  pay  for  hazardous  duty.  Subjects 
were  examined  by  the  medical  monitor  (flight  surgeon)  before  end  after  each  exposure  to  acceleration 
rune,  blood  end  urine  samples  obtained  before  and  after  each  day's  runs  for  the  first  five  days,  and 
before  the  first  and  after  the  last  run  for  each  subsequent  five  day  period,  were  quantitatively  analyzed. 

Five  acceleration  levels  (1.3,  2.0,  2.5,  3,0,  end  3.3  Gi)  were  combined  with  five  durations  of 
plateau  Ct  level  ("0,"  10,  20,  40,  and  80  s)  to  produce  23  different  pulses.  The  plateau  duration 
shown  as  "0”  Indicates  the  condition  where  the  pulse  peaked  at  one  of  the  deeirad  C,  levels,  remaining 
at  this  level  for  a very  brief  period.  Each  of  3 subjects  wee  exposed  on  e daily  basis  to  3 different 
pulaet,  so  that  all  25  pulses  were  experienced  by  all  3 eubjscta  each  day,  and  by  any  given  sublect, 
every  3 days.  The  eequance  of  pules  exposures  for  each  subject  was  reversed  every  3 days,  so  that  each 


is 


subject  experienced  the  same  dally  sequence  of  pulses  during  his  first  jnd  third  5 day  periods,  and  the 
reverse  sequence  on  the  second  and  fourtli  5 day  periods  (figure  2).  for  convenience,  each  5 day  period 
Is  referred  to  as  a "week,"  although  the  test  weeks  and  calendar  weeks  did  not  always  coincide  (see 
below).  The  total  teat  period  encompassed  20  days,  or  4 weeks. 

The  components  of  a single  run  are  diagrammed  In  figure  1.  In  addition  to  the  acceleration  phases, 
a run  Included  a one  minute  pre  phase  and  three  successive  post  minute  phases.  A rest  period  of  l min 
separated  one  run  from  the  next;  five  successive  runs,  each  containing  a different  acceleration  pulse, 
constituted  each  subject's  daily  exposure.  The  dally  exposure  order  of  the  subjects  was  arranged  so 
that  a given  subject  was  exposed  at  a different  time  of  the  day  on  successive  days  of  the  weeks.  The 
acceleration  phase  Included  a 4 s onset  and  4 s offset,  applied  to  produce  a haverslne  shape  to  the 
acceleration  pulse.  Between  pulses,  the  centrifuge  was  rotated  slowly  (applying  a load  of  1.03  Cz  to 
the  subject)  to  eliminate  any  slight  motion  artifacts  Incidental  to  Its  belrg  completely  stopped  and 
started. 

Some  deviations  from  the  above  design  were  necessary  to  accommodate  unanticipated  events,  for 
example,  run  sequences  planned  for  test  days  1 and  2 of  the  first  week  were  actually  conducted  on  test 
days  14  and  15,  following  an  18  day  interruption  In  the  program.  As  previously  Indicated,  subject  3 was 
removed  early  In  the  program  and  replaced  with  subject  b.  Because  of  the  unavailability  of  two  subjects 
at  planned  times,  subject  S2  was  exposed  twice  or.  the  last  teat  day  and  subject  S5  wee  exposed  twice  on 
the  19th  teat  day.  At  least  five  hours  Intervened  between  the  first  and  second  exposures  for  both  those 
subjects.  Of  500  runs  planned,  472  were  successfully  completed  (over  94  per  cent). 

Biopotential  end  Performance  Data  Collection  and  Analysis 

Biopotential  and  performance  data  ware  recorded  on  a group  of  Brush,  Mark  200,  8-channel  strip  chart 
recorders.  Amplified  ECC  signals  were  not  only  recorded  directly,  but  were  also  fed  Into  a Hewlett- 
Packard  Model  78201B  Cardlotachoaeter  or  a Narco  Bio-Systems  Inc.  Model  BT-1200  Blotachoaeter  to  obtain 
measures  of  heart  rate,  In  beats  per  minute.  Average  heart  rate  waa  recorded  as  pen  deflections  over 
selected  intervals  ranging  from  4 a to  12  a.  Signals  from  a thermistor  attached  to  the  Up  microphone 
were  recorded  as  Indications  of  respiratory  rate.  Relative  movements  between  the  subject's  mouth  and 
the  thermistor,  especially  during  C,  caused  occasional  degradation  of  this  record.  Both  pulsatile  and 
mean  blood  flow  were  recorded  on  separate  channels. 

On  and  off  status  of  the  response  time  light  was  recorded  on  the  strip  chart,  and,  in  addition, 
response  times  to  the  nearest  millisecond  were  printed  out  on  paper  tape  ualng  a Hewlett-Packard  Model 
5245L  Electronic  Counter  and  a Model  562A  Digital  Recorder.  Six  channels  of  recordings  were  dedicated 
to  the  tracking  task:  movement*  of  the  x and  y needles  from  their  null  positions,  per  cent  of  time 
outside  the  target  circle,  and  the  Integration  of  each  of  these  over  selected  time  Intervals  to  Indicate 
average  values.  Acceleration  load  In  »Ct  units  was  recorded  on  all  «trlp  charts. 

In  addition  to  acceleration  load,  ECC,  average  x and  y tracking  needle  displacements,  and  pulsatile 
blood  flow,  a coasplete  recording  of  all  voice  communications  was  made  on  FM  magnetic  tape. 

Results 

Tables  2,  3,  4,  and  5 auammirlte  the  principal  data  collected  and  analysed  from  Phase  I of  this  study. 
The  statistics  of  the  samples  shown  for  acceleration  level  mid  duration  were  derived  from  the  complete 
runs  containing  .acceleration  pulses  having  the  dimensions  specified.  The  only  statistics  based  upon 
saeqilea  drawn  from  the  separate  phases  of  the  runs  are  labelled  "phases.”  As  expected,  variation  among 
subjects  In  all  responses  was  rather  marked.  A comparison  assong  subjects  of  the  performance  responses 
Indicates  that  a reciprocal  sort  of  relationship  exists  between  scores  on  the  two  tasks.  Those  subjects 
showing  higher  scores  on  tracklrg  error  show  relatively  low  response  times,  and  vice  versa. 

The  method  of  least  squares  was  used  to  obtain  the  best  fitting  aquations  for  the  data  In  the  tables 
cited  (6).  Both  heart  rate  and  tracking  error  showed  regular  Increases  with  Increasing  plateau  0,  level, 
while  the  relationship  for  response  time  appeared  more  complex.  Equation  (1)  describee  the  relationship 
of  mean  heart  rate  (MIR)  for  the  runs  containing  the  various  plateau  G levels;  aquation  (2)  doe*  the 
same  for  the  corresponding  standard  error  of  the  swan  (SEM). 


MW  - 78.90  + 1.32  Cg 

(11 

SEMhr  - 0.23  e0,30  Ct 

(2) 

When  value*  for  MIR  and  SEMpg  are  extrapolated  to  the  1.03  Gg  conditions  existing  during  the  pre 
phase,  MW  differs  by  about  1.2  per  cent  fret-  the  value  for  MHR  derived  from  measurement  a made  during 
the  pre  phase.  The  SEHhr  calculated  by  equation  (2)  differs  from  the  SEtyg  at  1.03  G(  by  about  29  per 
cent.  Corresponding  equations  for  mean  tracking  error  (KTE)  are: 


KTE  - 20.21  e0,07  c* 

(!) 

SEH^  • 0.31  e0*24  C* 

(<0 

The  value  of  MTB  calculated  from  (4)  for  1.03  Gt  differ*  by  13.1  per  cent  from  the  measured  value 
during  the  pre  phase,  adille  the  calculated  SEMpg  value  differ*  by  0.95  per  cent  from  that  measured. 

The  value  for  mean  response  tlam  (HRT)  at  J.)  (.«  differs  significantly  from  the  value*  at  all  other 
c,  levels.  In  addition,  the  minimum  value  of  M(T  at  2.5  G,  also  differs  significantly  from  the  value* 
at  all  other  Gg  levels,  except  for  Chat  at  2 G,.  Values  for  swan  respiration  rat*  iMW)  at  the  various 
plateau  0g  levels  do  not  form  any  regular  pattern,  nor  *r*  the  differences  between  these  values 
statistically  significant,  when  averaged  serosa  all  phase*  of  the  run*.  However,  a*  shown  later,  value* 
of  MRR  during  the  acceleration  phase  aasuaw  a definite  pattern  and  are  statistically  different. 
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The  relationships  of  the  dependent  variables  to  the  durations  of  the  plateau  G2  levels,  where 
duration  In  seconds  Is  designated  as  t,  may  be  expressed  as  fallows; 


MHR  = 80.43  + 0.657 

In  t 

(5) 

SEMjir  « 0.44  + 0,025 

In  t 

(6) 

MTE  - 25.42  - 0.57 

ft 

(7) 

FEMpj  - 0.70  - 0.049 

In  C 

(8) 

A value  of  1,  for  the  shortest  duration  pulse,  was  used  in  deriving  the  last  four  equations. 

Differences  between  MRT  values  as  functions  of  pulse  duration  were  found  to  be  non-significant. 

However,  values  of  MRR  with  relation  to  the  duration  of  plateau  Gz  do  show  a regular  trend,  which  can  be 
described  by  the  following  equation; 

MRR  - 16.88  - 0,22  In  t (9) 

where  t,  as  above,  designates  duration  in  seconds. 

A significant  positive  correlation  coefficient  of  0,96  was  calculated  for  MHR  with  MTE,  when  both 
dependent  variables  were  viewed  as  functions  of  plateau  Gz  level;  the  sign  of  the  coefficient  changed,  In 
accordance  with  the  almost  mirror  Image  relationship  between  MHR  and  SITE  as  functions  of  plateau  G 
duration.  Although  not  statistically  significant,  the  correlation  coefficients  for  MHR  and  MRT  showed 
the  same  sign  reversal,  while  those  for  MRT  and  MTE  did  not.  No  significant  correlation  coefficients 
were  found  for  MRR  and  the  other  dependent  variables  as  functions  of  G2  level,  but  significant  correlation 
coefficients  were  determined  for  MRR  and  MHR  (r  » -0.95)  and  for  MRR  and  MTE  (r  » 0.94),  as  functions 
of  plateau  Gz  duration. 

As  can  readily  be  seen  in  tables  2,  3,  4,  and  5,  the  values  of  all  dependent  variables  increased 
quite  markedly  during  the  acceleration  phase  of  the  runs,  as  compared  to  the  preceding  and  following 
phases.  For  MHR,  values  In  the  pre  phase  and  the  first  post  acceleration  phase  (+1)  are  significantly 
lower  than  the  values  In  the  second  and  third  post  acceleration  phases  (+2  and  +3),  while  the  latter  do 
not  differ  significantly  from  each  other.  Two-way  analyses  of  variance  were  made  for  each  of  the 
dependent  variables  on  the  effects  of  Gz  level  and  plateau  duration  over  the  acceleration  and  post- 
acceleration  phases.  To  normalize  the  data  for  the  effects  of  differing  Initial  values  In  the  dependent 
variables,  pre  values  were  subtracted  from  those  in  the  succeeding  phases.  Quite  clear  effects  were 
evident  during  the  acceleration  phase  for  both  Cz  level  and  plateau  duration  for  MHR  and  MTE.  A 
significant  difference  in  MRT  was  shown  for  Gz  level,  but  not  for  plateau  duration.  In  the  first  post 
acceleration  minute,  MHR  continued  to  show  significant  differences  for  both  Gz  level  and  plateau 
duration  of  the  preceding  acceleration  pulse,  while  MTE  showed  ■ significant  difference  /or  plateau 
duration  only.  None  of  the  differences  were  significant  by  the  post  acceleration  second  and  third  minutes. 

In  order  to  compare  the  relative  variability  of  the  dependent  variables,  coefficients  of  variation, 
expressed  as  percentages  (ratio  of  standard  deviation  to  the  mean,  multiplied  by  100)  were  calculated  for 
each  phase  and  are  shown  In  table  5.  Two  facts  are  particularly  evident  from  the  figures  In  this  table; 
first,  the  relatively  great  variability  of  the  performance  measures  and  respiration  rate  with  respect  to 
that  of  heart  rate,  and  second,  the  marked  increase  of  response  time  variability  to  acceleration.  There 
is  also  a tendency  for  the  variability  during  the  first  post  acceleration  minute  to  be  somewhat  greater 
than  that  in  the  succeeding  periods. 

Examination  of  changes  In  the  dependent  variables  across  all  subjects,  but  limited  to  each  phase  of 
the  run,  shows  more  pronounced  relatlonshlpt  with  Gz  plateau  level  and  duration.  These  are  shown  in 
figures  3-6.  Except  for  the  obvious  increase  in  the  values  of  the  coefficients  given  in  the  previous 
equations  for  the  acceleration  phase,  the  basic  relationships  remain  the  same.  Of  particular  Interest 
sra  the  clear  fall  In  MHR  during  the  first  minute  of  recovery  above  the  2.5  Gz  level  and  In  the  10  to 
40  a duration  Interval,  the  Increase  In  MTE  from  pre  to  post  acceleration  phases  with  Gz  plateau  level 
and  duration,  and  the  relatively  erratic  behavior  of  MRT  over  the  Gz  plateau  level  and  duration  ranges. 
Above  2.5  Gz,  during  the  acceleration  phase,  both  MRT  and  MRR  show  a very  abrupt  an!  rapid  rise  with 
Increasing  plateau  Gz  level.  While  MRT  values  for  levels  at  and  below  2.5  Gz  are  only  slightly  greater 
than  corresponding  pre  and  recovery  phase  values,  MRR  values  at  and  below  2.5  Gz  are  appreciably  greater 
during  the  acceleration  phase  than  during  all  of  the  other  phases. 

Multiple  regression  equations  were  derived  for  MHR,  FffE,  and  MRR  during  the  acceleration  phase; 

MHR  - 59.99  + 9.03  Cz  + 3.44  In  t,  R2  - 0,87  (10) 

MTE  - 36.18  4 0.63  ec*  - 3.31  In  t,  R2  - 0.91  (11) 

MRR  - 22.23  + 0,108  ec*  - 1,516  In  t,  R2  - 0,73  (12) 

The  relatively  high  values  of  R2,  especially  for  MHR  and  MTE , show  that  almoat  all  tha  variation  in 
tha  dependant  variables  Is  determined  by  the  combined  effect  of  Gz  level  and  plateau  duration,  for  MHR, 
MTE,  and  MRR,  the  percentage*  of  explained  variation  accounted  for  by  variations  In  Gz  *evel  are  about 
55,  57,  and  32,  respectively,  while  the  percentage*  of  explained  variation  accounted  for  by  variations 
in  plateau  duration  ar*  about  45,  43,  and  73,  respectively. 

Mean  pre-phase  values  of  the  dapsndent  variables  were  etudled  for  each  run  over  the  twenty  day  test 
period.  The  veluee  for  MHR  shown  In  Figure  7 reveel  no  eonsi;tir.i.  pattern  either  within  rune  or  ecroee 
days,  A comparison  was  mad*  of  Mfll  for  each  subject's  daily  exposure  of  five  runt  with  his  second 
exposure  to  the  seme  run  sequence,  generally  about  ten  teat  days  later,  Tha  mean  differences  (first 
run  minus  second  run)  between  run  pairs  were  calculated  for  each  dally  exposure  and  are  plotted  In 
Figure  8.  MHRs  during  the  second  exposures  ware  generally  somewhat  tower  than  those  of  tha  first; 
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however,  «*  te  evident  in  the  figure,  tht  line  of  no  difference  (0)  it  Included  within  the  95  per  cent 
confidence  Interval.  A ™>n-algnlflcant  regression  coefficient  (b  - 0.37)  was  calculated  when  an  attempt 
was  made  to  fit  a straight  line  to  the  data,  and  r2  was  only  0.017.  For  HIT,  however,  although  no 
consistent  withln-days  patterns  are  evident,  certain  changes  across  the  days  of  testing  are  worthy  of 
note  (Figure  9).  MKT  Increases  from  day  4 to  day  8 and  then  shows  a general  decreasing  trend  o'-er  the 
next  6 days.  In  addition,  the  daily  range  of  pre-phase  values  (which  la  far  greater  than  that  for  MHR 
and  MTE)  is  reduced  from  day  14  to  day  19.  Pie-phase  values  for  HRR  sees  to  lie,  for  the  moat  part, 
either  at  a lower  or  a higher  level,  with  relatively  few  values  between  (Figure  10).  No  consistent 
dally  trend  In  respiration  rate  is  evident  atxing  runs.  Pre  'base  MRK  decreases  son.  whar  progressively 
over  the  first  four  days  and  from  days  14  to  16;  in  both  Instances,  a shift  from  the  low  level  reached 
to  the  hlghei  level  occurs  abruptly.  The  most  consistent  within-day  patterns  are  seen  in  Figure  11  for 
FfTE.  In  19  out  of  20  days,  the  score  for  tracking  error  before  the  first  acceleration  pulse  is  higher 
than  that  preceding  the  second  pulse.  The  distribution  of  tracking  error  scores  among  the  daily  runs  is 
also  noteworthy:  the  highest  error  scores  occur  most  often  in  the  first  and  fourth  runs  (p  ^ .001,  when 
evaluated  by  the  chl-squ*:e  test),  while  the  lowest  error  scores  occur  most  often  in  the  third  and 
second  runs  (p  <1  .05).  The  trend  across  days  for  MTE  shows  some  oscillations,  and  incerest'ngly,  these 
appear  to  be  in  the  opposite  direction  to  those  for  MKT. 

An  attempt  was  made  to  relate  dependent  variable  changes  occurring  across  entire  runs,  and  during 
the  acceleration  phase  only,  to  the  amount  of  impulse  (G  multiplied  by  duration,  or  I)  contained  in  the 
acceleration  pulses.  Only  for  MHR  could  a linear  relationship  be  established;  for  the  entire  run, 

>«R  - 81.16  + 0.013  I (13) 

where  the  t test  of  the  regression  coefficient  is  significant  at  the  .02  < p < .05  level,  and  r2  la  equal 
to  0.17;  for  the  acceleration  phase  alone, 

MHR  - 82.534  + 0.089  I (14) 

Here  the  t test  of  the  regression  coefficient  is  very  highly  significant  at  the  p^  .001  level,  and  r2 
equals  0.55. 

Measures  mode  on  blood  and  u.ine  (Figure  12)  were  essentially  negative,  except  for  an  occasional 
value  which  exceeded  the  normal  limits.  The  serum  of  subject  6 showed  values  of  alkaline  phosphotase 
which  were  appreciably  above  normal,  but  further  teats  failed  to  show  any  liver  or  bone  disease  and 
the  subject  appeared  otherwise  asymptomatic. 

In  addition  to  these  measures,  24  hour  urine  samples  collected  at  the  end  of  the  study  were  examined 
for  indicators  of  a wxic  and  anxiety  stress  (7).  Subject  6 excreted  relatively  large  amrunta  of  one  of 
these  indicators  (phenolic  acids)  which  exceeded  previously  established  normal  limits.  Subject  5 Just 
exceeded  the  normal  limit  for  urinary  phenolic  aci -r  Values  of  the  other  two  indicators,  free  radicals 

and  lipid  peroxides,  were  normal  for  both  subject*.  le  overall  results  were  Interpreted  as  indicating 

no  residual  stress  in  the  subjects  who  participated  in  the  test  program. 

Discussion 

An  attempt  to  construct  a useful  model  of  a dynamic  system  should  begin  with  some  knowledge  of  how 
that  system  responds  when  disturbed  by  a.\  external  force  under  reasonably  controlled  conditions.  The 
system  response  of  interest,  in  the  present  case,  consists  of  the  human  operator's  ability  to  perform 
two  simultaneous  psychomotor  tasks  while  being  subjected  to  a transient  change  in  the  force  field  of 
the  environment.  It  was  of  interest  here  to  determine  the  nature  and  duration  of  the  effect  on  the 
system  produced  by  an  external  force.  The  disturbance  of  the  external  force  on  the  system  was  assumed 
to  be  related  to  both  its  magnitude  and  its  duration.  There  is  ample  evidence  (8>  to  show  that  the 
rato  of  force  application  also  plays  a critical  role  in  determining  the  cardiovascular  response  of  the 
human  operator,  which,  in  turn,  may  be  expected  to  Influence  his  ability  to  perform  both  simple  and 
complex  tasks.  Although  the  rate  of  force  application  is  controllable  over  a very  wide  range  (up  to 
10  C/s  with  the  NADC  Dynamic  Flight  Simulator),  a haverslne- shaped  acceleration  pulse  was  chosen  in 
which  the  onset  and  offset  times  remained  constant  at  4 a.  Fast  experience  had  demonstrated  that  most 
subjects  were  able  to  tolerate  acceleration  pulses  of  this  shape  with  less  disorientation  and  kinesthetic 
illusions  than  was  the  case  for  pulses  of  other  shapes,  particularly  those  in  which  the  rate  of 
acceleration  changed  abruptly.  Many  experienced  fighter  pilots  attribute  their  adverse  reactions  to 
"rides"  on  centrifuges  as  being  partly  due  to  their  lack  of  control  over  the  rite  and  magnitude  of  the 
applied  G loads. 

The  moat  widely  known  effects  of  +CZ  on  human  operators  consist  of  a decrease  in  blood  flow  to  the 
head  and  eye  and  impairment  of  bodily  movements.  For  example,  Keighley,  Clark,  and  Drury  (9)  showed 
that  for  levels  between  3.4  and  4.8  Gz,  there  was  a small  but  significant  reduction  in  the  threshold 
for  visual  flicker  fusion  frequency;  no  changes  in  this  threshold  were  measured  at  up  to  3.2  Cz,  At 
very  low  luminance  levels.  White  (5)  found  that  the  visual  threshold  for  signal  light  intensity 
Increased  with  increasing  G load  at  levels  . p to  4 Gz.  For  higher  light  intensities,  on  the  other  hand, 
Rogge  (10)  found  the  blackout  C level  to  be  essentially  Independent  of  the  luminance  of  the  central 
light.  Brightness  discrimination  thresholds  were  shown  to  increase  with  increasing  r,z  levels  by 
Braunstaln  and  White  (11)  and  ChaaAera  (12).  White  and  Jorve  (13)  described  a decrease  in  visual 
acuity  with  increasing  Gz  levels,  and  White  later  (14)  showed  this  effect  to  be  enhanced  at  low  luminance 
levels.  Error  in  reading  dials  was  shown  to  Increase  with  increasing  levels  of  +CZ , particularly  at 
lower  luminance  levels  (15).  Simple  and  complex  reaction  times  to  visual  stimuli  also  increased  under 
+GZ  conditions  (16),  as  did  tracking  error  (17). 

As  already  pointed  out,  the  intensity  of  the  stimulus  light  used  in  this  study  to  measure  response 
time  and  the  intensity  of  the  tracking  display  were  adjusted  Co  sufficiently  high  levels  to  preclude 
conditions  where  visual  impairment  would  be  expected  to  pley  a significant  role  at  the  applied  Gt  levels. 
At  the  same  tlom,  only  relatively  small  movements  of  the  finger  of  the  left  hand  end  of  the  right  hand 
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and  wri«t  vara  rtquirad  to  perform  the  nealgned  tasks,  Both  arms  wore  fully  supported  by  the  sent 
arm  reata  and  eonatralnad  to  prevent  any  significant  lateral  displacements. 

The  aloilarltlea  of  the  relationship  of  both  KTE  and  MRR  with  duration  of  plateau  Gt  are  obvious 
from  the  highly  significant  positive  correlations  they  show  with  each  other,  and  the  highly  significant 
negative  correlations  they  both  show  with  MIR,  The  positive  correlation  between  MIR  and  KIT  as 
functions  of  CE  level  has  also  been  reported  by  Bowman  and  von  Bockh  (18)  for  much  higher  levels  of 
complex  acceleration  patterns  simulating  those  encountered  in  air  combat  maneuvers. 

In  centrifuge  runs  reaching  3,  3,5,  and  4 G*  levels,  for  durations  of  15  s,  and  at  onset  rates 
slower  than  thoae  described  in  this  paper,  Browne  and  Fitsaimons  comparod  the  heart  rates  of 
experienced  centrifuge  riders  and  novices  (19).  Using  equation  (10),  predicted  valuea  of  MUR  were 
calculated  for  comparison  with  the  consistently  higher  average  heart  rates  reported  by  Browno  and 
Fitsalffioua,  For  the  experienced  riders,  percentage  differences  between  reported  and  predicted  values 
are,  3 CE!  0.63%,  3,5  GEs  20%,  4 CE:  8,17,;  corresponding  percentage  difforcncea  for  the  novices  are: 

3 GE;  25%,  3,5  Gls  26%,  and  4 G*:  23%,  In  spite  of  the  many  differences  in  experimental  conditions 
described  by  Browne  and  Fitrsimons  and  those  reported  hero,  it  is  interesting  that  for  their 
experienced  subjects,  a good  fit  was  obtained  at  3 Gr  and  a fair  fit  at  4 Ct,  The  large  discrepancy 
at  3,5  0E  represents  a deviation  from  the  linear  relationship  between  MUR  and  GT  level  which  our  data 
support.  Of  course,  any  appreciable  efforts  exerted  by  the  subjects,  especially  experienced  ones, 
to  counteract  the  effects  of  higher  Gt  loads,  would  be  expected  to  result  in  higher  heart  rates. 

Although  no  systematic  measures  were  made  in  our  study  of  heart  rate  outside  of  the  test  environment, 
it  has  been  shown  that  subjects  seated  in  a centrifuge  have  increased  heart  rates  bofore  being  exposed 
to  G loading,  Thla  Increase  has  been  attributed  by  Webb  (20)  to  psychic  stimulation  resulting  from 
anticipation  of  Impending  G loads;  It  occurs  even  in  experienced  centrifuge  riders  and  is  greater  when 
higher  G loads  are  expected.  Webb's  subjects  had  control  heart  rates  which  averaged  94  + 14  beats  per 
minute  and  rose  to  an  average  of  101  + 21  boats  per  minute  iamediatoly  prior  to  3,8  Cx  runs.  Assuming 
that  the  aaroe  proportional  change  in  MIR  occurred  during  the  pro  period  for  our  subjects,  control 
heart  ratea  would  have  averaged  about  73  bents  per  minute,  a not  unreasonable  mean  resting  level  for 
healthy  young  men. 

All  of  the  evidence  Becms  to  lndlcato  that  oven  though  the  relaxed  and  unprotected  subjects 
participating  in  this  study  wore  exposed  to  substantial  levels  and  durations  of  acceleration,  both 
physiological  and  performance  recovery  occurred  primarily  within  the  first  minute  following  G 
exposure.  The  ability  to  dctoct  dlfforouces  depends  not  only  on  the  mean  values  of  the  dependent 
variables,  of  course,  but  also  on  their  rolativo  variability,  Tho  most  erratic  response  by  the  subjects 
occurred  during  tho  acceleration  phaso  on  the  task  of  extinguishing  the  lateral  light.  Apparently,  tho 
tracking  task  required  so  much  additional  effort  during  this  phase  of  tho  runs,  that  the  subjects 
devoted  more  of  thoir  available  resources  to  tracking  and  loss  to  responding  to  the  light.  However, 
within  the  first  minuto  following  tho  end  of  tho  acceleration  period,  tho  subjects  wore  performing  at  a 
level  of  stability  about  equal  to  that  in  the  pro  phase.  Small  but  non -significant  changes  in 
variation  in  all  tho  dopondent  variables  continued  into  the  succeeding  phases. 

The  decrease  in  MIR  after  exposure  to  3 and  3.5  C-  pulses  in  the  first  minute  of  recovery  may  he 
evidence  of  a bradycardia  reflex  effect  which  is  too  weak  and  transient  to  bo  apparent  at  the  lower 
acceleration  levels.  Almost  tho  opposite  effect,  but  more  attenuated,  occurred  with  Increasing 
acceleration  plateau  durations.  Recovery  of  Ml'E  seems  to  have  occurred  across  most  plateau  levels 
and  durations  during  tho  first  two  post  acceleration  minutes.  Increased  levels  of  MTK  during  the  third 
minute  may  have  resulted  from  fatigue.  Tho  tracking  task  required  considerable  effort,  and  since  it  was 
continuous  throughout  the  run,  no  relief  was  provided  until  the  rost  period  intervened.  Some  of  the 
subjects  were  observed  to  slump  forward  during  rest  periods,  with  head  bowed  and  eyes  closed. 

The  level  of  2.5  Ct  seemed  to  act  as  a threshold  load  for  MUT  and  MRU  during  the  acceleration  phase. 
At  and  below  2,5  Cr  there  were  no  marked  changes  in  response  with  0T  level,  while  above  2.5  C»  there 
were  dramntic  increases.  Perhaps  this  responso  was  similar  to  that  for  the  flicker  fusion  response 
cited  earlier.  Values  of  MRT  during  tho  acceleration  phase,  at  and  below  the  2.5  C.  level,  were  only 
slightly  greater  than  MRT  values  for  the  other  phases;  however,  over  the  same  range  of  G,  levels, 
values  of  MRR  during  the  acceleration  phase  were  about  20  per  cent  greater  than  those  of  the  other 
phases,  MRT  responses  to  tho  duration  of  applied  pulses  also  appears  to  have  been  dichotomous,  with 
the  shorter  duration  pulses  associated  with  longer  response  times  and  the  longer  duration  pulses  (40 
and  80  s)  associated  with  shorter  response  times.  Ibis  kind  of  relationship  suggests  an  adaptation 
response;  for  the  longer  duration  pulses,  the  subject  hns  more  time  to  adapt  to  the  imposed  conditions. 
Performance  on  the  tracking  task  clearly  shows  this  effect  ami  so  does  respiration  rate.  Heart  rate, 
over  which  the  subjects  had  no  direct  voluntary  control,  did  not  show  this  compensatory  behavior  with 
time.  Perhaps  tho  relative  stability  of  heart  rate,  when  compared  to  that  of  the  other  dependent 
variables,  is  also  linked  to  its  Isolation  from  direct  voluntary  control. 

A comparison  of  pre  phase  MUT  and  MTK  values  for  each  run  and  test  day  (Figures  9 and  11)  reveals 
the  type  of  trade  off  behavior  in  performance  described  by  Norman  (21).  Peaks  of  MRT  accompany  valleys 
in  HIT,  indicating  the  reciprocal  sort  of  relationship  mentioned  earlier  with  respect  to  the  performance 
of  the  individual  subjects.  The  rise  in  MRT  from  the  4th  teal,  day  to  the  8th  test  day,  with  the 
concurrent  decrease  in  HIT,  may  represent  a continued  learning  period  on  the  tracking  task,  at  the 
expense  of  performance  on  the  response  time  task.  Simitar  patterns  of  lesser  magnitude  occur  in  both 
dependent  variables  at.  later  times.  Of  particular  interest  is  the  increase  in  MTK  on  day  14,  after  an 
18  day  Interruption  in  the  test  program.  Following  the  pattern  Just  described,  while  MTK  increases, 

MRT  falls,  MTK  would  be  expected  to  increase,  since  some  retraining  occurred  ns  proficiency  was  being 
regained.  Hie  fact  that  tracking  error  scores  were  somewhat  higher  on  the  first  run  of  each  day 
indicates  the  adverse  effects  of  even  relatively  short  lapses  in  performing  thin  complex  task.  Hv  the 
fourth  run  of  the  day,  it  is  likely  that  the  subjects  were  experiencing  fatigue  or  boredom,  which  then 
wan  somewhat  dissipated  on  the  last:  run  in  their  anticipation  of  being  released  from  the  experimental 
situation. 
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It  should  prove  challenging  In  future  phases  of  this  study  to  test  the  applicability  of  the  multiple 
regression  equations  which  have  been  presented.  For  example,  it  will  be  Interesting  to  see  If  Gz  level 
and  plateau  duration  continue  to  exert  about  equal  effects  on  MHR  and  KTE,  when  more  than  a single 
acceleration  pulse  Is  applied.  It  will  also  be  of  considerable  interest  to  find  If  the  relationships 
between  the  variables  established  during  this  first  phase  will  continue  to  hold  at  higher  Gz  levels. 
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Table  1*  Characteristics  of  Volunteer  Subjects 


Subject 

Age 

wt. 

Ht. 

Prior  f. 

Designation 

(Yrs . ) 

(Lbs.) 

(Ins.) 

Experience 

i 

19 

144 

67 

No 

2 

25 

11 A 

71 

Yes 

3 

23 

165 

68 

Yes 

4 

23 

140 

70 

Yes 

5 

27 

200 

68.5 

Yes 

6 

27 

133 

67.5 

Yes 

Table  2.  Heart 

rate  in 

beats  per  minute 

iH] 

95%  C.I.  i 

N 

LOWER 

SUBJECT 

SI  1 

89.8 

9.3 

500 

90.6 

89.0 

mm\ 

79.9 

11.1 

500 

80.8 

78.9 

in 

83.6 

8.5 

87 

85.4 

81.8 

WZM 

80.5 

12.4 

487 

81.6 

79.4 

W3M 

76.6 

7.5 

450 

77.3 

75.9 

-Cl 

84.1 

8.4 

300 

85.1 

83.2 

ACCELERATION 

m 

80.8 

8.1 

465 

81.5 

80.1 

LEVEL  (G) 

ia1 

81.6 

8.8 

460 

82.4 

80.8 

.2-5  1 

82.2 

10.0 

465 

■HUB 

81.3 

■Bn 

82.7 

12.1 

470 

■safe 

81.6  ' 

IHEi 

■EDEfe 

14.5 

464 

feU&fei 

TFFlfel 

PHASE 

PRK 

79.3 

■SB 

466 

80.1 

78.4 

91.8 

■ESafe 

466 

93.0 

90.7 

79.0 

8.9 

■dfefe 

79.8 

78.2 

+ 2 

80.3 

8.2 

464 

81.0 

79.6 

+3 

80.5 

8.5 

464 

■DHfei 

79.7 

DURATION  (S) 

0 

80.5 

9.6 

465 

81.3 

79.6 

10 

81.9 

10.6 

462 

MEKfei 

80.9 

IBEH9I 

11.1 

465 

■nan 

81,3 

\Wm 

i 82.8 

11.1 

465 

wssm 

81.8 

IK» 

IHK1 

12.2 

467 

84.5 

B3W1 

WEEK 

i 

83.4 

10.7 

552 

84.1 

2 

82.2 

11.9 

525 

MTiW 

■rm 

3 

81.7 

11.2 

625 

MW 

U - 

4 

81.5 

10.1 

622 

1 82.3 

Legend: 

S.D.  * Standard  Deviation 

N * Number 

CM.  * Confidence  Interval 


Legend: 


S.D.  » Standard  Deviation 

N a Number 

C.I.  - Confidence  Interval 


Standard  Deviation 
Number 

Confidjtico  Interval 


Table  5.  Respiration  rate  in  breaths  per  minute 


MEAN 

■■ 

957.  C.I. 

N 

■MH3M 

. SI  1 

14.9 

11.3  1 

500 

— ES—I 

13.9 

ff« 

14.5 

flKXEHl 

■an 

15.1 

14.0 

B1 

—i 

16,5 

13,8 

mmm 

■EDOM 

MKRDM 

19.3 

— £3 

17.7 

— W1 

Kgs 

17.2 

S6  | 

14.2 

Sni 

KEEDHH 

■n— 

13.5 

ACCELERATION 

mm 

16.7 

11.8 

460 

15.6 

LEVEL  (G) 

15.9 

6.6 

455 

16.5 

15.3 

2.5_ 

16.0 

6,5 

458 

16.6 

15.4 

IHESII 

16.6 

7.2 

465 

17.2 

15.9 

3.5 

16.7 

7.4 

457 

17.4 

16.0 

PRE 

16.0 

11.1 

460 

17.0 

15.0 

PHASE 

■S3 

19.8 

9.3 

459 

20,7 

19.0 

+i 

15.1 

6.1 

458 

15.7 

14.6 

+2 

15.5 

5.9 

459 

16.0 

14.9 

+3 

15.4 

459 

16.0 

14.9 

0 

16.9 

7.9 

460 

17.6 

16.2 

DURATION  <S) 

16.8 

11.9 

i msnm 

17.9 

15.7 

20 

16.3 

6.8 

460 

16.9 

15.7 

IHSDH 

15.9 

6.5 

460 

16.5 

15.3 

80 

16.0 

6.4 

462 

16.6 

15.4 

1 

16.6 

6.3 

600 

17.1 

16.1 

WEEK 

2 

18.1 

6.4 

500 

18.7 

17.6 

3 

14.9 

7.4 

623 

15.4 

14.3 

4 

16.3 

11.1 

572 

17.2 

15.4 

Legend : 

S.D.  - Standard  Deviation 

N ■ Number 

C.I.  • Confidence  Interval 


Table  6.  Coefficients  of  Variation  for 
Dependent  Variable*  (In  per  cent) 


PHASE 

MHR* 

MRT«* 

MTE*** 

MRR**** 

Pre 

11.93 

41.67 

43.96 

35.75 

Accel. 

14.30 

84.63 

43.29 

46.69 

Post  1 

11.33 

41.77 

42.83 

40.24 

Post  2 

10.25 

40.07 

39.87 

38.29 

Post  3 

10.61 

43.61 

38.44 

38.89 

* Mean  Heart  Rate 

**  Mean  Response  Time 

***  Mean  Tracking  Error 

****  Mean  Respiration  Rate 


TRACKING 


MEAN  RESP.  RATE  (BREATHS  PER  MIN)  MEAN  RESPONSE  TIME  (s) 


11  12  13  14  IS  18  17  18  19  20 

DAYS 


Figure  11.  Pre-pha*e  Been  tracking  error  for  each  run  and  each  day. 


* WHOLE  BLOOD:  WBC.RBC.Hct.Hgb 


• URINE:  OCCULT  BLOOD.  KETONES.  GLUCOSE.  PROTEIN. 

pH.  sp.  gr. 

* BLOOD  SERUM:  ALK.  PHOS..  LDH,  TOTAL  BILIRUBIN.  SGOT. 

CPK,  BUN.  URIC  ACID.  TOTAL  PROTEIN. 
ALBUMIN.  GLUCOSE.  CHOLESTEROL. 
CALCIUM,  CHLORIDE.  SODIUM.  POTASSIUM 


Figure  12.  Clinic 'l  laboratory  deteralnatlona. 
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DISCUSSION 


DR.  GILLINGHAM  (USA) 

You  are  to  be  complimented  for  beginning  to  obtain  much  needed  performance  data 
during  G stress.  Rather  than  studying  simple  eye-hand  coordination,  however,  you 
could,  with  your  facility,  incorporate  the  subject  into  the  motion-control  loop, 
and  be  one  stop  closer  to  providing  G-induced  pilot  performance-decrement  data  to 
the  operational  community.  Do  you  plan  to  do  this? 

AUTHOR'S  REPLY 

I certainly  agree  that  it  would  be  much  more  realistic  to  have  the  man  In  the 
loop  and  we  hope  to  work  up  to  this  condition. 

DR.  H.  JEX  (USA) 

To  what  do  you  attribute  the  negative  correlation  between  the  reaction  times  and 
the  tracking  error,  assuming  that  a low  score  in  tracking  is  good  and  a low 
reaction  time  is  good.  Do  you  have  any  ideas  as  to  why,  contrary  to  normal 
expectations,  where  the  tracking  error  was  low  the  reaction  time  was  high? 

AUTHOR'S  REPLY 

It  seems  as  though  the  subjects  share  their  time  between  the  two  tests  and  although 
we  very  carefully  instructed  them  to  perform  both  tasks  equally  well,  invariably 
they  were  concentrating  on  one  task.  As  a result  the  other  task  suffers. 
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THE  BIODYNAMIC  RESPONSE  OF  THE  HUMAN  BODY 
AND  ITS  APPLICATION  TO  STANDARDS 

by 


Michael  J.  Griffin,  Christopher  H.  Lewis,  Kenneth  C.  Parsons  and  Eleri  M,  Whithaa 

Human  Factors  Research  Unit 
Institute  of  Sound  and  Vibration  Research 
University  of  Southampton 
Southampton  S09  5NH 
England 


SUMMARY 


Bicdynamic  data  may  be  used  to  predict  the  effects  of  vibration  and  impact  on  the  human  body.  However, 
the  biodynamic  response  of  the  body  is  dependent  on  how  ^t  is  determined,  it  varies  greatly  between  indi- 
viduals and  can  change  wi^'iin  an  individual  by  large  amounts , 

This  paper  presents  the  results  of  five  experiments  with  groups  of  up  to  one  hundred-and-twelve  sub- 
jects and  ten  experiment!  with  a single  subject.  The  experiments  were  designed  to  investigate  factors 
that  affect  the  transmission  of  vertical  (z-axia)  vibration  to  the  head  over  the  frequency  range  1 to  100  Hz. 
The  distributions  of  response  within  subject  groups  were  determined  as  a function  of  vibration  frequency  and 
it  was  found  that  subject  weight  affected  seat-to-head  transmissibility.  There  were  differences  in  trans- 
sdssibility  between  men  and  women  and  between  men  and  boys.  Changes  in  subject  posture  had  a large  affect 
on  transmissibility  and  ’t  is  suggested  that  a subjects'  control  over  posture  may  partly  explain  the  changes 
in  transmissibility  that  occur  with  changes  in  vibration  level  and  spectrum.  The  effects  of  changes  in 
muscle  tension,  head  and  foot  position  were  also  studied  and  methods  of  determining  transmissibility  with 
discrete  sinetsvept  sine  and  random  vibration  inputs  were  compared.  It  was  found  that  seat  configuration 
greatly  affected  the  transmission  of  vibration  to  the  head. 

The  experimental  results  are  considered  in  the  context  of  the  possible  development  of  Standards  on  the 
biodynamic  response  of  the  body.  It  is  concluded  that  the  variability  in  subject  seat-to-head  transmis- 
sibility is  so  large  that  a single  average  transmissibility  curve  could  be  misleading.  The  effects  of 
inter-  and  intra-subject  variability  and  seating  configurations  should  be  considered  in  the  preparation  of 
any  Standard. 


1.  INTRODUCTION 

The  extent  to  which  vibration  is  transmitted  through  tha  body  determines  the  degree  co  which  the  vib- 
ration is  uncomfortable,  impaires  performance  and  causes  injury.  The  human  body  is  ar.  immensly  complex 
active  dynamic  system  whose  properties  can  vary  from  moment  to  moment  and  from  one  individual  to  another. 

The  definition  of  the  mechanical  response  of  the  human  body  is,  therefore,  complex  and  requires  a large 
amount  of  experimental  data. 

Earlier  researchers  have  shown  that  the  body  has  several  resonances  and  the  data  obtained  from  studies 
of  the  mechanical  impedance  and  transmissibility  of  the  body  have  been  used  to  evolve  simple  biodynamic 
models.  For  example,  Payne  and  Band  (1)  tested  one-,  two-,  three-  and  four-degree  of  freedom  models  of 
the  body.  Other  more  complex  models  have  been  devised  to  estimate  the  movement  and  internal  body  for  es 
during  aircraft  ejection  or  body  impact,  for  example,  Belytschko  et  al  (2)  have  described  a general  three- 
dimensional  model  of  the  body  which  includes  the  vertebrae,  pelvis,  head  and  ribs  as  rigid  bodies  connected 
by  ligaments,  cartilagenous  joints,  viscera  and  connective  tissue.  The  model  allows  for  variations  in  seat 
geometry  and  harness  and  for  nonlinearitiea.  Between  the  complexity  of  some  of  the  models  now  evolved  and 
the  relative  simplicity  of  the  one-  and  two-degree-of  freedom  lumped  parameter  models  there  are  many  other 
possible  representations  of  the  dynamic  response  of  the  human  body,  (See,  for  example.  Aviation,  Space  and 
Environmental  Medicine,  49  (1),  Section  II  (3).) 

It  is  unlikely  that  simple  models  will  be  sufficient  to  predict  the  site  of  injury  caused  by  impact  or 
vibration  or  how  injury  is  affected  by  body  position  and  posture.  However,  the  complexity  required  for  this 
prediction  currently  restricts  the  scale  of  application  of  sophisticated  models  and  prohibits  their  inclusion 
in  Standards.  Further,  the  complex  models  require  detailed  knowledge  of  the  characteristics  of  body  elements 
and  this  it  not  yet  fully  known.  The  one-degree-ot -freedoms  model  employed  i«  the  Dynamic  Response  Index 
(D.R.I.)  simplifies  the  body  to  a single  mass  representing  the  head  and  upper  torso  end  a parallel  spring 
and  damper  for  the  spine.  The  only  dete  required  to  evolve  ti.is  model  was  mechanical  impedance  data  show- 
ing the  principal  natural  frequency  of  the  body.  The  mathematical  simplicity  of  the  system  aids  the  use  of 
the  D.R.I,  end,  despite  it  simple  form,  it  has  usually  been  considered  useful  since  the  D.R.I,  values  recorded 
from  different  slrcreft  ejection  seats  correlated  well  with  their  injury  rates.  However,  the  response  of 
many  othar  simple  and  complex  biodynamic  models  may  also  ba  expacted  to  arhive  a good  correlation  end  it 
would  be  unwise  to  assume  that  the  D.R.I,  model  will  predict  injury  fur  motiona  other  than  those  for  which  it 
net  been  evaluated. 

Whether  a modal  is  simpla  or  complex  it  will  not  be  better  then  the  data  upon  which  it  ia  based.  The 
complex  models  requirt  data  on  the  shape,  sirs,  weight,  atiffneee,  non-linearities  etc.  of  their  elements. 

This  information  it  partially  availabla  as  aversga  valuta  in  a variety  of  sources  but  many  values  often 
require  estimation.  The  simple  models  are  lass  constrained  by  the  realities  of  the  system  being  modelled. 
After  selecting  a realistic  mass, the  stiffnats  and  damping  are  adjusted  to  fit  average  impedance  or  transmis- 
sibility curves  obtained  exparimtntally . Although  tha  parameters  in  both  types  of  model  may  be  adjusted 
to  predict  the  raapone*  of  individuals,  they  ere  elmost  elweye  bated  on  average  date  from  a group  of  sub- 
ject* not  dec*  from  individual*. 
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The  experiment*  reported  in  thie  paper  provide  fundamental  data  on  the  biodynamie  response  of  the  human 
body  to  vibration.  The  particular  response  reported  is  vertical  (z-axis)  seat-to-head  transmissibility, ^ 

The  experiments  were  conducted  to  determine  the  magnitude  and  cause  of  both  inter-  and  intra-subject  vari- 
ability in  dynamic  response.  From  the  data  it  is  possible  to  assess  the  potential  merits  of  both  simple 
and  complex  models  for  seat-to-head  transmissibility. 

2.  APPARATUS 

The  experiments  were  conducted  with  Derritron  electrodynamic  vibrators  and,  except  where  stated,  the 
subjects  sat  on  a flat  horizontal  wooden  seat  360  mm  by  360  mm  firmly  attached  to  an  aluminium  plate  12  mm 
thick  secured  to  the  vibrator  table.  The  feet  and  upper  legs  of  each  subject  were  positioned  horizontally 
and  the  lower  legs  vertically  by  means  of  a non-vibrating  adjustable  footrest.  Subjects  were  not  restrained 
but  normally  required  to  sit  in  a comfortable  upright  posture.  Vertical  vibration  of  the  seat  was  measured 
by  means  of  an  Endevco  2265/20  piezoresistive  accelerometer  mounted  within  the  aluminium  plate  beneath  the 
wooden  seat  surface.  The  vertical  (z-axis)  head  vibration  was  indicated  by  an  Endevco  2265/20  accelerometer 
mounted  within  a magnesium  block  secured  to  one  end  of  a 150  mm  long  stainless  steel  bar  covered  with  a 
nylon  sleeve.  This  bite-bar  was  placed  in  the  mouth  parallel  to  the  lateral  (y-axis)  of  the  head  such  that 
the  accelerometer  was  75  mm  from  the  midsagittal  plane.  The  nature  of  the  motion  reproduced  on  the  vibrators 
and  the  methods  used  to  measure  the  vibration  levels  are  outlined  in  the  report  of  each  experiment. 

3.  INTER-SUBJECT  VARIABILITY  IK  SEAT-TO-HEAD  TRANSMISSIBILITY 

3.1  Introduction 

The  weight,  height,  age,  sex,  attitude  etc.  of  a person  might  be  expected  to  affect  the  transmission 
of  vibration  through  the  body.  Griffin  (4)  presented  the  transmissibility  data  of  twelve  subjects  and  com- 
mented on  the  large  differences  between  the  response  of  individuals  without  being  able  to  provide  an  explana- 
tion of  the  differences.  The  experiments  reported  below  seek  to  quantify  the  nature  and  extent  of  the  dif- 
ferences between  Individuals  and  determine  the  degree  to  which  they  are  associated  with  the  age,  sex  and 
physical  characteristics  of  the  subjects. 

Much  of  the  data  ia  presented  as  the  mean  response  of  a group  of  subjects  or  the  distribution  of  res- 
ponses across  a subject  group  since  it  is  not  practicable  to  present  the  data  on  all  of  the  individuals 
who  have  been  tested.  An  example  of  the  differences  to  be  found  between  individuals  may  be  seen  in  Figure  1 
which  shows  the  transmissibilities  of  four  of  the  male  subjects  tested  in  the  experiment  described  under 
Section  3.4  below.  All  four  subjects  exhibit  amplification  at  some  frequencies  and  attenuation  at  frequencies 
above  about  20  Hz.  However,  the  transmissibility  at  any  particular  frequency  differs  greatly  between  the 
subjects.  For  example,  at  16  Hz  subject  4 has  a transmissibility  of  about  0.4  while  subject  5 has  a trans- 
missibility of  about  1.2. 

3.2  Population  Distributions  of  Tranmissibility 

In  an  experiment  previously  reported  by  two  of  the  present  authors  the  seat-to-head  transmissibility 
of  56  men,  28  women  and  28  children  was  determined  at  4 and  16  Hz  at  a level  of  1 m/s2  r.m.s.  (see  Griffin 
and  Whitham  (5)).  The  sinusoidal  motions  were  each  presented  for  20  seconds  and  the  vertical  seat  and  head 
acceleration  levels  were  measured  by  a digital  true  r.m.s.  meter.  The  age,  height,  weight,  hip  size  and 
the  relative  discomfort  produced  by  the  two  vibration  frequencies  were  also  determined  for  each  of  the  112 
subjects. 

It  was  found  that  for  both  frequencies  and  the  three  populations  the  distributions  of  transmissibilities 
were  near  normal.  Cumulative  distributions  of  the  measured  data  points  and  fitted  normal  distributions  are 
shown  in  Figures  2 and  3. 

There  was  no  significant  difference  (at  the  52  level)  between  the  distributions  of  transmissibilities 
provided  by  the  men,  women  and  children.  (At  16  Hz  the  mean  transmissibility  of  the  women  was  0.74  compared 
to  0.58  for  the  men  and  this  difference  was  significant  at  the  102  level.)  In  all  three  populations  there 
were  negative  correlations  between  subject  size  (height,  weight  and  hip  circumference)  and  16  Hz  transmis- 
sibility, By  determining  partial  correlation  coefficients  it  was  concluded  that  for  both  the  men  and  the 
women  the  principal  correlation  was  between  16  Hz  transmissibility  and  weight  (p<0,05).  Transmissibility 
at  4 Hz  was  not  significantly  correlated  with  subject  size  although  all  three  groups  showed  negative  correla- 
tions between  transmissibility  at  4 Hz  and  transmissibility  at  16  Hz.  The  data  obtained  from  the  56  men 
show  a significant  positive  correlation  (p<0.05)  between  transmissibility  at  16  Hz  and  the  discomfort  produced 
by  16  Hz  vibration  relative  to  the  discomfort  produced  by  4 Hz  vibration. 

Knowledge  of  the  nature  of  the  distribution  of  transmissibilities  is  of  assistance  in  interpreting 
experiments  with  smaller  groups  of  subjects.  The  data  presented  in  Figure  2 and  3 show  that  there  is  a 
large  variability  between  individuals.  For  example  at  4 Hz  the  mean  transmissibility  of  the  men  was  1,35 
but  102  had  transmissibilities  less  than  about  0.9  and  102  greater  than  about  1,8. 

3.3  Pifferences  Between  Male  and  Female  Transmissibility 

An  experiment  was  conducted  in  which  18  men  and  18  women  were  required  to  judge  the  discomfort  of  a 
wide  range  of  vibration  stimuli.  Following  the  experiment  their  seat-to-head  transmissibilities  were  deter- 
mined at  each  of  the  third-octave  centre  frequencies  from  1 to  100  Hz.  The  vibration  stimuli  were  short 
(4  sec)  periods  of  sinusoidal  motion  and  transmissibility  was  measured  by  a digital  computer  as  the  ratio 
of  r.m.s.  seat  and  head  acceleration  at  each  frequency. 

Figure  4 compares  the  mean  transmissibilities  determined  from  the  men  and  the  women.  From  1,25  Hz  to 
4 Hz  the  mean  transmissibilities  of  the  men  are  greater  than  those  of  the  women.  From  5 Hz  to  100  Hz  the 
women  have  the  highest  average  transmissibility.  These  differences  are  significant  at  the  5%  level  for 

2.4  Hz,  12,5  Hz,  32  Hz,  40  Hz,  50  Hz  and  64  Hz  and  were  significant  at  the  102  level  at  most  frequencies 
above  8 Hz.  At  some  of  the  higher  frequencies  the  average  female  transmissibility  is  almost  double  that 
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of  th*  mUi<  Th*  mean  tranamtaalbilitU*  of  the  two  group*  af  4 It*  amt  16  It*  ere  within  shout  10%  of 
the**  reported  for  • different  group  of  subject*  in  the  previous  experiment  (see  Section '3.3  above) . • 

3,4  Effect  of  Body  Site 

- fi  Th*  experiment  reported  utUler  Section  3,2  shove  resulted  in  the  conelo* ion  that  body  weight  had  a 
t significant  affect  on  *«*t-to-ha*d  tr*n*ml**ihll Ity,  it  we*  further  determined  that  for  *11  three  group* 

({,«,  wen,  women  end  children)  there  v*«  * negative  correlation  hetween  trenemixeihll  Ity  et  4 II*  end  trana- 
: y uUalbtUty  at  16  He.  Thle  finding  would  be  expected  if,  Tor  example,  their  reeponse  l*  approximated  by  * 
liet*  tingle  degree  of  freedom  eyeteet  with  e reeonence  in  the  region  of  4 to  16  tie.  Subject*  with  * resonance 

near  4 Ha  would  tend  to  have  greeter  treneteieeibil  ltl*e  et  4 II*  end  lower  trenemieeihilitiee  et  16  II*  than 

vV  eubjacte  having  a reeonence  near  16  II*.  If  th*  etiffnee*  end  damping  remain  eon* taut  the  heavier  eubjeet* 

*«!'•  would  have  a reeonence  at  lower  frequencle*  then  the  lighter  subject*  and,  a*  oh*erved,  the  tren*ml**ihll  ity 
- at  16  Ha  would  decreaae  with  increasing  body  weight.  Although  the  body  i*  more  complex  than  a *ingle  degree 

of  freedoet ay  (ten  and  the  atiffne**  and  damping  are  not  likely  to  be  con*  t ant  ttii*  model  may  at  111  be  correct 

X"  in  principle. 

't  The  experiment  outlined  under  Section  3.3  above  alao  provided  data  on  the  correlation  of  lranamia*lbil ity 
( fro*  1 to  100  He)  with  the  height,  weight,  age,  hip  elae,  thigh  ai*e  and  leg  aixn  of  euhjecta.  At  1,25, 

. 1.6, and  3,13  He  there  waa  a significant  correlation  between  the  tranamlaalbilitie*  of  the  men  and  their 
weight*  (p<0.05) . (Th*  correlation  between  their  tranamiaaihll itie*  and  weighta  wa*  negative  at  all  except 
2 of  th*  21  frequencies) , For  the  women  a negative  correlation  between  weight  and  tran*mi»aihil  ity  wa*  only 
^’significant  at  2,3  11*-.'  ,,  ■ 

3.3  Effect  of  Age 

Although  in  the  experiment  deicrihed  in  Section  3;2  the  age  of  the  adult*  ranged  from  17  to  70  year* 
and  that  of  th*  children  from  8 to  16  year*  there  were  no  significant  correlation*  within  group*  hetween 
’.U*.  age  and  tr*n*ml**ibllity.  There  were  no  significant  difference*  in  tran**i**lbiUty  at  4 lie- or.  16  Ha  between 
the  children  and  tho*«  of  either  the  men  or  women.  There  were,  however,  sign*  of  lower  transmiaaibil itie* 

• in  th*  children' at  16  l)a. 

In  Figure  5 are  shown  tho  mean  »e*t-to-he*d  transmiaaihil itiea  of  18  men  and  12  boy*  (aged  9 to  16  yeara) 
(Thi*  experiment  is  outlined  under  Section  4.3  below.)  It  may  be  seen  that  from  10. to  100  tlx  the  tranamis- 
aihllity  of  the  hoy*  t*  lower  than  that  of  the  men.  From  40  to  70  II*  the  average  tranamia* ibi l ity  of  the 
j*#n  fa  about  twice  that  of  the  hoy*. 

4.  lNTRA-SllE.lKCT  VARtAHll.lTY  IN  SKAT-TO-IIKAP  TRANSHtSSlBIUTV 

4.1  Introduction 

In  the  previous  section*  it  ha*  been  ahown  that  aent-to-head  tranami »* ibi t i ty  varies  greatly  between 
individual*.  It  i*  *l«o  the  r»*e  that  the  aeat-to-head  tranamisnibil ity  of  an  individual  i*  highly  variable. 
Th*  presence  of  significant  correlation*  between  aubject  characteristic*  and  tr*n»ml»»ihi  llty,  for  example, 
implies  that  under  condltiona  inveat (gated - intra-subject  varlabi Hty  wa*  not  a*  great  a*  inter-subject 
variability.  However,  this-  may  .not  always  be  the  case.  In  the  next  section*  a aerie*  of  experiment*  to 
quantify  the  extent  and  cause*  of  intra-*ubject  variability  are  described, 

4.2  Repeatability  of  Seat-to-head  Transmissibillty  Hea»urement« 

T1*e  1 to  100  It*  tranami**  Ibi  I i ty  of  a single  subject  wa*  determined  on  20  occasion*  over  a period  of 
two  week*  with  no  more  than  two  measurement*  on  any  one  day.  The  subject  l«  mule,  weighing  6H  kg)  was 
exposed  to  21  short  period*  of  sinusoidal  vibration  at  each  of  the  third-octave  centre  frequencies  from 
1 to  100  II*,.  Transmissibi I ity  wa*  detormined  a*  the  ratio  of  hoad  to  seat  r.m.s.  acceleration  level  at 
each  frequency.  It  was  found  that  normal  dlatrlhutiona  could  be  fitted  to  the  subject*  distribution  of 
tranamlssihil itie*  at  each  frequency.  Figure  6 shows  the  median  and  the  tilth  and  loth  percentile*  of  the  . 
subjects'  tran*mi**ibilitie*  a*  determined  from  the  21  fitted  normal  distribution*. 

When  tranami as Ibi litv  measure*  are  averaged  over  a group  of  subject*  the  average  response  i*  sometime* 
a fairly  smooth  curve  - even  though  the  responses  of  many  of  the  subjects  are  far  from  smooth.  When  a 
number  of  measure*  on  a single  Individual  are  averaged  the  peaks  and  trough*  associated  with  the  individual's 
response  are  not  lost.  Hie  present  subject,  for  example  shows  clear  resonance  peaks  at  about  2,  5 and  12.5 
II*.  Cleneratlv,  approximately  HOI  of  the  transmissibillty  measurements  on  this  subject  were  within  about 
t 20%  of  hi*  median  transmiaaihil ity . Slight  difference*  In  sitting  posture  may  be  the  principle  cause  of 
this  variability. 

4.  ! Effect  of  Sitting  Posture 

It  may  he  easily  observed  that  variation*  in  s i 1 1 ing  post  tire  can  often  greatly  alter  the  transmission  ol 
vibration  through  the  body.  In  Figure  7 the  mean  data  obtained  by  Uriffin  (41  over  the  frequency  range  7 to 
75  Hr  with  twelve  subjects  seated  in  two  extreme  posture*  are  shown.  The  postures  are  'extreme*  in  that 
the  upper  curve  In  Figure  7 wa*  determined  with  subjects  adjusting  tlieiv  sitting  posture  to  produce  the 
masimum  sensation  at  the  head.  The  lower  curve  correspond*  to  the  minimum  sensation  of  head  vibration  at 
each  .frequency.  The  subjects,  who  sat  on  a hard  flat  seat,  did  not  sit  in  unreasonable  sitting  position* 
and  the  difference  between  the  two  extreme  sitting  postures  was  often  not  apparent  to  an  observer.  Fven 
so,  the  difference  in  t ran ami ss th I li t v Is  considerable. 
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In  t lie  above  experiment  the  extreme  1 1 atisml  sslbi  H t ies  tor  the  seat  cent  ignraf  ion  was  detetmined  hut 
the  t ransmissibi 1 it v tor  a normal  sitting  posture  wax  not  measured.  An  experiment  was  therefore  conducted 
with  a group  of  lit  men  and  a group  of  |?lnv*  in  which  their  t ransmissibi  I i t v was  determined  in  three  pos- 
tures, Fits!  they  veto  requited  to  sit  in  a 'normal  upright  pos’ure*  next  they  sat  in  a 'relaxed  posture’ 
and  liuallv  they  were  asked  to  sit  in  a 'stilt  posture',  (In  this  experiment  it  wa*  the  intention  that  the 
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subjects  should  maintain  the  same  posture  for  all  vibration  frequencies.  In  the  experiment  mentioned  above 
the  subjects  were  required  to  adopt  the  extreme  postures  appropriate  for  each  frequency  in  turn.)  Trans- 
missibili ties  were  determined  as  the  ratio  of  head  to  seat  r.m.s,  acceleration  at  each  of  the  21  third- 
octave  frequencies  from  l to  UK)  Hz, 

Figure  8 shows  the  mean  transmissibilit ies  determined  in  the  three  sitting  positions  for  both  groups 
of  subjects.  Above  about  b Hz  the  stiff  posture  resulted  in  increased  transmission  of  vibration  to  the 
head,  but  below  6 Hz  thu  posture  reduced  transmissibil ity.  The  relaxed  postures  resulted  in  slightly 
lower  transmissibi lit ies  than  the  normal  postures  above  about  10  Hz  but,  although  these  two  postures  often 
look  different  to  an  observer,  they  otherwise  give  similar  mean  transmissibilities. 

The  transmissibility  of  one  subject  (subject  z weighing  80  kg)  was  determined  with  a swept  sine  vib- 
ration input  with  the  subject  sitting  in  seven  postures  from  slouched  to  erect.  The  sweep  covered  the 
frequency  range  100  Hz  to  1 Hz  in  100  seconds  at  a level  of  1 i'f  s2  r.in.s.  Transmissibil  ity  was  determined 
by  computing  the  power  spectra  and  cross  spectrum  of  the  seat  and  head  acceleration  measurements  as  des- 
cribed in  Section  5.7  below.  Figure  9 shows,  in  a three-dimensional  form,  the  effect  of  posture  on  the 
modulus  of  this  subject's  transmissibil  ity . The  data  is  shown  for  a 1 Hz  frequency  resolution  and  from 
1 to  50  Hz  only.  Figure  10  compares  the  modulus  and  phase  of  this  subject's  transmissibility  in  the  two 
extreme  postures.  Apart  from  the  large  increase  in  transmissibility  at  higher  frequencies  it  can  be  seen 
that  the  change  to  an  erect  posture  has  accentuated  the  resonance  peak  in  the  15  to  25  Hz  region. 

4.4  Effect  of  Muscle  Tension 

While  maintaining  the  same  normal  sitting  posture  the  transmissibility  of  subject  z was  determined 
with  both  normal  and  increased  muscle  tension.  For  the  latter  condition  the  subject  tensed  the  muscles 
of  his  arms,  neck,  shoulders,  abdomen  and  legs  as  much  as  possible  during  the  100  second  period  of  the 
sine  sweep. 

It  may  be  seen  in  Figure  11  that  the  effect  of  an  extreme  increase  in  muscle  tension  is  not  as  great 
as  the  effect  of  posture  reported  in  Section  4,3.  Increased  tension  slightly  increased  the  seat-to-head 
transmissibility  over  most  of  the  frequency  range.  The  greater  effect  is  present.  flow  5 tu  10  Hz  and 
from  35  to  60  Hz.  From  about  15  to  55  Hz  decreased  tension  also  resulted  in  increased  phase  lag, 

4.5  Effect  of  Head  Position 


The  orientation  of  the  head  normally  varies  according  to  the  desired  line  of  sight  of  the  eves  although 
it  will  also  change  during  a substantial  body  impact.  Subject  z was  exposed  to  100  second  1 ra/s*  r.m.s. 
vibration  sweeps  with  his  head  at  five  angles;  norma1  (looking  horizontally  ahead),  approximately  25  degrees 
and  50  degrees  above  horizontal,  and  25  degrees  and  50  degrees  below  horizontal.  Apart  from  altering  his 
head  position  the  subject  sat  in  the  normal  relaxed  posture.  The  head  accelerometer  was  always  orientated 
in  the  vertical  axis  irrespective  of  the  angle  of  the  head. 

It  may  be  seen  in  Figure  12  that  raising  the  head  above  the  normal  position  increased  transmissibility 
at  low  frequencies.  Lowering  the  head  reduced  transmissibility.  The  greatest  effect  occurred  at  about 
16  Hz  where,  for  example  the  level  of  head  vibration  increased  by  800%  between  50  degree  down  and  50  degree 
up  positions. 

4.6  Effect  of  Foot  Position 


The  position  of  the  feet  affects  body  posture  and  muscle  tension  as  well  as  altering  the  area  of  con- 
tact between  the  vibration  input  and  the  body.  Subject  z was  exposed  to  the  standard  100  second  l m/s2 
r.m.s.  sine  sweep  with  various  positions  of  the  stationary  footrest.  It  was  found  that  the  orientation  of 
the  lower  leg  from  the  normal  vertical  through  to  the  horizontal  (i.e.  aheaa  of  the  subject  at  the  same  level 
as  the  seat)  had  little  influence  on  seat  to  head  transmissibility.  However,  altering  the  footrest  height 
while  keeping  the  lover  leg  vertical  did  affect  transmissibility  (see  Figure  13).  There  was  not  a great 
difference  between  no  footrest  (feet  hanging)  and  the  normal  footrest  height.  However,  increasing  the 
height  of  the  footrest  so  as  to  raise  the  thighs  well  above  the  level  of  the  seat  reduced  transmissibility 
in  the  frequency  range  from  6 to  9 Hz. 

5.  EFFECT  OF  METHOD  OF  DF.TERH1NG  SEAT-TO-HEAD  TRANSMISSIBILITY 


5. 1 Ini.  roduct ion 


Apart  from  the  effect  of  the  variation  between  and  within  people  on  seat-to-head  transmissibility,  the 
experimenter  is  also  faced  with  the  problem  cf  how  to  measure  transmissibility.  There  are  three  principal 
problems  (a)  location  of  transducers  on  the  head  (b)  choosing  the  input  motion  and  (c)  selecting  i method 
of  analysis.  Some  studies  of  the  influence  of  the  choice  of  motion  and  analysis  method  are  presented  in 
the  following  sections. 

The  location  of  the  transducers  on  the  head  has  been  the  same  throughout  the  experiments  described  in 
this  paper.  This  position  can  be  important  and,  indeed,  the  difference  in  level  recorded  by  two  accelero- 
meters as  close  as  100  nm  apart  has  been  used  to  measure  the  pitch  motion  o.*  the  h.?ad  (e.g.  Or  iff  in  (4>). 
The  measurement  of  high  frequency  head  motion  leads  to  the  use  of  some  font  of  bite-bar  and,  often,  a loca- 
t ion  for  the  transducers  near  to  the  mouth.  It  is  not  possible  to  predict  the  level  at  other  parts  el  the 
head  without  kuowing  the  rotational  head  motions  and  the  centres  of  rotation.  Such  data  as  exist  imply 
that  the  transmissibility  will  possibly  not  usually  vary  by  more  than  about  25%  for  head  measurement 
positions  within  100  mm  of  that  used  in  this  study.  (In  many  cases,  particularly  where  visual  performance 
is  concerned, rotational  motion  of  the  head  is  important  because  not  only  does  it  affect  the  measurement  of 
translational  motion  but  it  also  causes  eye  movements  via  the  vest ibulo-ocular  reflex.  Predicting  the 
vertical  translational  motions  of  the  head  will  sometimes  be  of  less  importance  than  predicting  motions  in 
other  directions.) 


5,2  Effect  of  Vibration  Level 


There  have  been  various  attempts  to  determine  the  degree  to  which  the  mechanical  response  of  the  body 
is  non-linear,  and  varies  either  with  the  level  of  vibration  or  with  constant  vibration  level  at  various 
steady  state  acceleration  levels  such  as  may  be  produced  in  a centrifuge.  There  are  data  which  show 
increased  stiffness  and  an  increase  in  the  frequency  ot  principle  resonance  under  increased  sustained  acceler- 
ation (e.g.  Vogt  et  al  (b))  and  Mertens  (7)).  Under  normal  gravity  Griffin  (4),  for  example,  found  reduct  ions 
in  transmissibility  with  increases  in  vibration  level  at  frequencies  below  20  H2.  In  both  cases  it  should 
not  be  forgotten  that  the  subjects  were  fully  conscious  and  undoubtedly  consciously  modi lieu  their  responses 
with  the  changing  conditions.  Under  increased  sustained  acceleration  subjects  will  deliberatly  try  to  keep 
their  heads  up  and  at  higher  levels  of  vibration  subjects  will  tend  to  adopt  pot u rat  changes  to  reduce  the 
discomfort , or  fear,  they  experience  from  the  vibration.  Conmon  interpretat ions  of  the  available  data 
imply  that  the  non-linearities  in  biological  material  may  give  rise  to  the  observed  non-linearities  in  whole- 
body  mechanical  impedance  and  transmissibility  data.  However,  considering  the  data  from  Sect  ions  1 and  4 
above  it  would  seem  likely  that  such  non-linearities  would  often  have  less  effect  than  the  deliberate 
actions  of  subjects. 

Subject  z was  exposed  to  seven  100  second  sine  sweeps  at  0.4,  0.8,  1.2,  1.6,  2.0,  2.4  and  2.8  m/s2 
r.a.s*  The  subject  maintained  the  same  normal  posture  for  all  motions  - even  though  this  proved  most 
uncomfortable  in  some  conditions.  The  results  are  shown  in  Figure  14  where  it  can  be  seen  that  even  with 
a seven-fold  change  in  vibration  level  the  subject's  transmissibility  barely  changed.  The  phase  was  also 
unchanged  by  vibration  level.  It  appears  that  any  effect  of  vibration  level  may  be  insignificant  compared 
with  the  variability  caused  by  inter-  and  intra-subject  differences,  (Note:  greatest  change  in  Fig. 14  is  30T.) 

5, 3  Effect  of  Spectrum  of  Vibration  Input 

It  appears  that  conscious  adaptation  to  the  more  uncomfortable  high  vibration  levels  is  the  principle 
cause  of  non-linearities.  If  transmissibility  is  determined  with  different  input  vibration  spectra  this 
would  be  expected  to  result  in  different  transfer  functions  as  subjects  adjust  their  posture  to  that  which 
ia  least  uncomfortable  for  each  spectrum.  It  is  not  clear,  however,  whether  different  transfer  functions 
will  be  obtained  if  subjects  are  asked  to  maintain  the  same  posture  for  each  spectrum. 

Subject  z was  exposed  to  100  second  periods  of  three  random  vibration  spectra  - all  with  an  accelera- 
tion level  of  1 m/s2  r.m.s.  The  spectra  were  (a)  a nearly  flat  acceleration  spectrum,  (b)  a predominantly 
high  frequency  acceleration  spectrum  and  (c)  a predominantly  low  frequency  accleration  spectrum.  The  subject 
attempted  to  ait  in  the  same  normal  posture  for  all  three  spectra.  His  transmissibility  was  determined  by 
computing  both  power  spectra  and  cross  spectra  of  the  seat  and  head  acceleration  as  described  in  Section 
5.7. 


In  Figure  15  the  three  seat-to-head  transmissibil ities  fur  the  three  input  spectra  are  shown.  Above 
about  9 Hz  the  differences  due  to  the  spectra  are  fairly  small.  Betweer  4 and  8 He  the  transmissibility 
ia  inversely  proportional  to  the  amount  of  low  frequency  energy  in  the  spectra.  It  appears  that  although 
he  attempted  to  keep  the  same  posture  for  all  three  motions  the  subject  unconsciously  modified  his  posture 
•lightly  to  reduca  the  tranamiaaibility  for  thoae  motions  which  contributed  most  to  hia  discomtort. 

5.4  Effect  of  Sweep  Rate  for  Swept  Sine  Inputs 

The  svept-sine  method  of  determining  transfer  functions  can  be  quick  and  convenient.  For  the  measure- 
manta  reportad  aarlier  in  this  paper  the  sweep  duration  has  been  100  seconds  and  the  sweep  rate  1 Hz/sec. 

If  subjects  adapt  to  the  motion  it  may  be  expected  that  the  transfer  functions  will  depend  on  the  sweep 
rata. 


Subject  z was  exposed  to  six  100  second  periods  of  vibration  consisting  ot  sweeps  of  different  dura- 
tions: 100,  20,  10,  4,  2 and  1 second.  The  sweeps  were  repeated  (after  a l second  pause)  as  often  as 
necessary  throughout  the  100  second  test  period.  The  number  of  degrees  of  freedom  was  therefore  the  same 
for  the  analysis  of  all  motions  (412  degrees  of  freedom  with  l Hz  resolution).  The  seat-to-head  trans- 
■issibility  is  shown  as  a f -met ion  of  sweep  rate  in  Figure  16.  In  general  the  effects  are  smalt.  A decrease 
in  input  energy  at  low  frequencies  with  the  shortest  sweeps  leads  to  values  below  3 Hz  being  unreliable. 
Between  about  4 and  8 Hz  there  is  a lower  trarsmissibility  with  the  longer  sweeps.  As  in  the  case  of  dif- 
ferent random  motion  inputs  (see  Section  5.3)  this  may  be  due  to  the  subject  unconscious! v modifying  his 
posture  to  reduce  his  transmissibility  for  these  more  uncomfortable  motion*.  With  high  sweep  rates  it  is 
not  possible  to  modify  posture  with  sufficient  speed. 

5. 5  Effect  of  Sweep  Duration  for  Swept  Sine  Inputs 

Experimenters  using  the  swept  sine  technique  usually  select  a sweep  rate  and  analyse  the  data  from  a 
single  sweep.  The  consequence  of  increasing  sweep  rate  is  usually  therefore  a reduction  in  the  duration  of 
the  signals  to  be  analysed,  if  the  analysts  resolution  is  held  constant,  reductions  in  dotation  will  result 
in  fewer  degrees  of  freedom  in  the  analysis  and  less  reliability  in  the  transfer  function  which  is  determined. 

Subject  * was  exposed  to  six  sin#  sweeps  of  duration  100 1 20,  10,  4,  2 and  1 second.  His  seat-to-head 
transmissibility  was  determined  with  a l Hz  resolution  for  each  sweep  duration  giving,  for  decreascing 
sweep  durations:  412,  86,  42,  18,  10  and  4 degrees  of  freedom.  These  transfer  functions  are  shown  in 
Figure  17, 

Although  th#  variability  increases  slightly  with  reduced  sweep  duration  it  can  he  seen  that  the  trans- 
fer function  is  broadly  similar  for  alt  sweep  rates.  In  Figure  18  the  transfer  functions  for  the  100  sec- 
ond sweep  and  the  2 second  sweep  are  compared.  Also  shown  are  the  Hfh  and  the  9Sth  percent  cent  idence 
limits.  Hie  mean  values  show  differences  similar  to  those  reported  in  the  previous  section  where  there  was 
a constant  period  of  analysis.  The  most  important  difference  is  the  increase  in  the  confidence  interval 
with  reduced  analysis  period.  On  the  basis  of  the  present  results  a 1 Hz  resolution  uv  be  obtained  tor  .* 

1 to  100  second  sweep  with  a sweep  rate  of  10  Hz  per  second.  Shorter  sweeps  may  be  possible  where,  as  in 


the  present  ease  head  motion  is  solely  determined  by  the  swept  sine  inputs.  Short  analysis  periods  will 
not  be  acceptable  with  random  or  pseudo-random  inputs. 

5 6 Effect  of  Varying  the  Frequency  Resolution 

A frequency  resolution  of  1 Hz  has  been  employed  in  most  of  the  studies  with  subject  z reported  in 
this  paper.  Other  data  are  reported  in  which  transmissibi 1 ity  has  only  been  measured  at  thiid-octave  centre 
frequencies  (see  Sections  3 and  4).  For  some  purposes  (e.g.  investigating  seating  response-)  a finer  fre- 
quency resolution  would  certainly  be  required.  Increasing  the  resolution  requires  more  data  to  obtai  t the 
same  reliability  in  the  measured  values.  Decreasing  the  resolution  increases  the  reliability  hut  a course 
resolution  will  not  accurately  describe  the  response  where  it  is  changing  rapidly  near  a resonance  frequency. 

Subject  z was  exposed  to  a single  100  second  1 m/s2  r.m.s.  sine  sweep  while  sitting  in  the  normal  pos- 
ture. Uis  response  to  this  sweep  was  analysed  with  six  different  frequency  resolutions  0.125,  0.25,  0.5, 

1.0,  2.0  and  4.0  Hz  corresponding  to  100,  100,  204,  214,  826  and  1654  degrees  of  fieedom  respectively. 

Above  12  Hz  there  was  no  consistent  difference  in  the  seat-to-head  transmissibi 1 ity  determined  with 
any  of  the  six  frequency  resolutions.  Above  6 Hz  there  was  no  difference  in  response  with  the  t ive  resolu- 
tions from  0.125  to  2 Hz.  At  about  4 Hz  the  subject  exhibited  a resonance.  The  amplification  at  resonance 
was  less  for  the  courser  resolutions.  The  amplifications  were  approximately  1.05  at  4 Hz  resolution,  1.2 
at  2 Hz,  1.35  at  1 Hz,  1,45  at  0.5  Hz,  1.5  at  0.25  Hz  and  also  at  0.125  Hz.  Figure  19  shows  a comparison 
of  the  transfer  functions  determined  with  0.25  to  2.0  Hz  resolutions  and  it  can  be  seen  that  a peak  at 
2 Hz  is  also  more  clearly  defined  with  the  finer  resolution. 

One-third  octave  analysis  coi responds  approximately,  to  the  resolution  of  4 Hz  at  16  Hz,  2 Hz  at  8 Hz, 

1 Hz  at  4 Hz  and  0.5  Hz  at  2 Hz.  The  results  suggest  that  this  will  be  as  good  ns  the  1 Hz  resolution  above 
4 Hz  and  somewhat  better  below  4 Hz.  The  precise  determination  of  response  at  the  principle  resonance 
requires  a finer  resolution. 

5. 7 Effect  of  Analysis  Method 

Response  to  a swept-sine  input  may  be  determined  by  three  methods.  The  method  used  in  most  of  the  studies 

reported  here  involves  the  computation  of  Css(f)  (the  power  spectrum  of  the  seat  acceleration  time  history), 

Qih(f)  (the  power  spectrum  of  the  head  acceleration  time  history)  and  (;sj,(f)  (the  cross  spectrum  of  the  seat 
and  head  acceleration  time  history).  The  transfer  function  11(f)  is  determined  from:  H(f)  - Csh (f ) /Css (f) . 

H(f)  is  a complex  quantity  giving  both  the  modulus  and  phase  of  the  seat  to  head  transmissiblli ty . (In 

general  phase  measurements  have  not  been  illustrated  but  an  example  will  be  found  in  Figure  10.) 

Transmissibility  may  be  determined  from  the  square  root  of  the  division  of  (*.hh(fl  by  Oss(f).  This 
does  not  require  the  computation  of  the  cross  spectrum,  it  does  not  yield  phase  data  and  it  assumes  that 
all  the  energy  at  the  head  is  due  to  energy  of  the  same  frequency  on  the  seat.  The  values  determined  may 
be  the  same  or  greater  t*  an  those  determined  using  the  cross-spectrum  method. 

A third  method  is  to  use  the  property  of  the  sine  sweep  that  predetermines  the  moment  at  which  each 
frequency  is  presented.  From  the  start  and  end  frequencies  of  the  sweep  and  the  sweep  duration  it  is  known 
what  frequency  is  present  at  any  time  during  the  sweep.  For  example,  suppose  a 100  second  l Hz  per  second 
sweep  is  used  from  D.C.  to  100  Hz.  If  the  r.m.s.  seat  and  r.m.s.  head  acceleration  are  determined  over 
each  of  the  one  hundred  1 second  periods  of  the  sweep  the  seat-to-head  transmiss  ibil  ity  may  be  determined 
with  a resolution  of  1 Hz.  This  method  does  not  yield  phase  data,  it  assumes  that  the  motion  at  the  head  is 

due  to  that  currently  presented  at  the  seat  and  that  both  motions  are  undistorlcd  sinusoids. 

Subject  i was  exposed  to  a 100  second  1 m/s2  r.m.s.  and  1 Hz  per  second  sine  sweep  from  100  Hz  to  D.C. 

His  transmissibility  as  determined  by  the  above  three  methods  using  a digital  computer  are  shown  in  Figure 
20.  It  may  be  seen  that  above  about  7 Hz  the  three  methods  give  very  similar  values.  The  third  (RMS)  method 
(the  division  of  1 second  intervals  on  the  head  by  corresponding  intervals  on  the  seat)  appears  to  produce 
the  greatest  difference.  The  first  value  with  this  method  is  at  2 Hz  since  it  comes  from  the  average  levels 
between  l Hz  and  2 Hz.  The  peak  occurs  at  3 Hz  rather  than  4 Hz  with  the  other  two  methods  probably  because 

of  a slight  timing  error  between  the  sweep  duration  and  computer  acquire  time.  The  increased  level  of 

this  peak  may  be  caused  by  head  motions  occuring  at  the  time  of  3 Hz  and  4 Hz  vibration  but  not  at  these 
frequencies.  The  good  agreement  between  the  cross  spectrum  method  (CSD)  and  power  spectrum  (PSD)  suggests 

that  this  subject  responded  as  a near-linear  system.  These  results,  although  with  only  one  subject,  suggest 

that  any  of  the  three  methods  may  be  used.  However  the  RMS  method  Is  susceptable  to  timing  errors  and 
assumes  the  vibration  levels  on  the  seat  and  head  are  free  from  distortion.  The  comparison  of  the  PSD 
and  CSD  methods  may  be  used  as  indicators  of  body  behaviour. 

5.8  Comparison  of  Discrete  Sine,  Sweep  Sine  and  Random  Input  Methods 

The  discrete  sine  method,  as  used  in  some  of  the  experiemnts  reported  in  Section  3 and  4 of  this  paper, 
assumes  that  the  seat  and  head  motions  are  undistorted  and  of  the  same  frequency. in  Figure  21  the  transmis- 
sibility of  subject  z obtained  using  this  method  at  each  one-thied  octave  from  l to  100  Hz  is  compared  with 
that  obtained  with  100  second  l m/s2  r.m.s.  random  (flat  spectrum)  and  sweep  sine  inputs.  The  random  and 
sweep  sine  transmissibilities  were  determined  on  a different  day  using  the  cross  spectrum  method. 

It  may  be  seen  that  there  is  general  agreement  between  the  results  obtained  by  the  three  methods.  At 
the  4 Hz  resonance  the  sweep  gave  the  highest  transmissibility  and  the  discrete  sinusoidal  motions  gave  the 
lowest  transmissibility.  The  discrete  frequency  motions  produced  s peak  at  2.5  Hz  which  might,  in  part,  be 
due  to  the  harmonic  distortion  on  the  vibrator  at  this  frequency.  The  difference  between  the  random  and 
■weep  motions  are  greatest  in  the  range  16  to  4o  Hz  where  transmissibility  is  greatest  with  the  swept  sine 
motion.  At  20  Hz  the  discrete  sine  transmissibility  is  almost  double  that  determined  from  the  random  motion. 
It  is  possible  that  these  differences  are  solely  due  to  postural  changes.  The  results  suggest  that  any  of 
the  three  methods  is  acceptable  but  further  investigation  to  optimise  their  use  may  be  desirable. 


5 . 9 Effect  of  Seating  Conditions  and  Seat  Harness 


All  results  previously  reported  in  this  paper  have  been  determined  with  subjects  seated  on  a hard  flat 
seat  with  no  backrest  or  seat  harness  and  a stationary  footrest.  The  only  area  of  contact  between  the  body 
and  the  source  of  vibration  was  around  the  ischial  tuberosities  and  along  the  thighs.  In  practice  the  body 
is  often  in  contact  with  vibration  at  many  other  points  {e.g.  feet,  hands,  back,  neck,  head)  and  this  may 
alter  the  level  of  vibration  at  the  head. 

An  experiment  waa  conducted  with  12  male  subjects  exposed  to  vertical  (t-axis)  sinusoidal  vibration  at 
2,  A,  8,  16,  32  and  SO  Hr.  They  were  required  to  sit  in  several  positions  in  a hard  replica  of  a Sea-King 
helicopter  seat.  For  each  position  their  seat-to-head  transraisaibility  was  determined  as  the  ratio  of  seat 
and  head  r.m.s.  acceleration  at  each  of  the  above  frequenciea.  In  Figure  22  the  mean  transmisaibilities 
for  the  normal  posture  (as  defined  earlier:  feet  stationary;  thighs  horizontal;  no  back  support  or  harness) 
are  compared  with  those  for  the  subjects  secured  by  a harness  and  leaning  against  the  backrest  but  with  no 
foot  vibration.  It  may  be  seen  that  the  backrest  and  harness  greatly  change  head  vibration  causing  an 
increase  in  tranamissibility  at  16,  32  and  30  Hz  but  a decrease  at  2 Hz. 

6.  BIODVNAMIC  MODELS 

6.1  Introduct  ton 

This  section  considers  the  degree  to  which  the  transmissibility  simple  dynamic  systems  can  approximate 
to  the  transmissibility  of  individual  subjects  and  groups  of  subjects.  It  is  clear  that  the  dynamic  response 
of  the  human  body  is  determined  by  the  complex  interaction  of  many  elements.  The  body  is  not  a single  mass, 
single  spring  snd  single  damper  system  and  simple  models  of  this  type  have  very  limited  application.  One 

possible  application  is  the  provision  of  a simpie  sunmary  of  the  seat-to-head  transmissibility  of  human 
subjects,  Transmissibility  varies  so  greatly  between  and  within  subjects  that  for  some  purposes  a more 
complex  model  may  not  be  necessary. 

6 . 2 A One-degree-of-f reedam  Model  of  the  Seat-to-head  Transmissibility  of  Subject  Croups 

In  Figure  4 the  mean  transmissibilities  of  18  men  were  compared  with  those  of  18  women.  At  each  of 
the  third-octave  cetre  frequencies  from  1 to  100  Hz  the  distributions  of  male  transmissibility  were  fitted 
with  normal  distributions.  Figure  23  shows  the  radian,  5th  snd  95th  percentile*  of  these  transmissibilities. 
Also  shown  it  the  transmissibility  curve  for  a system  comprising  a single  mass  supported  by  a parallel  spring 
and  damper.  For  the  parameters  of  the  single  degree  of  freedom  illustrated  in  the  figure  (i.e.  a natural 
frequency  of  14  Hz  and  damping  of  O.b  of  critical)  agreement  with  the  shape  of  the  radian  tranamiaaihilitiea 
of  the  males  may  not  appear  very  good.  At  9 Hz,  for  example,  the  radian  transmissibility  is  about  0,75 
compared  to  a 1.05  transmissibility  for  the  model.  It  is  possible  to  obtain  a better  fit  to  the  data  than 
that  illustrated  here.  However,  it  may  be  seen  that  even  with  thi*  model  the  transmissibility  falls  within 
the  5th  snd  95th  percentiles  of  measured  subject  transmissibilities  throughout  the  1 to  100  Hz  frequency 
range.  So,  for  every  vibration  frequency,  at  least  51  of  subjects  (and  usually  more)  have  tranamissibil ities 
greater  than  that  of  the  model  and  at  least  51  have  transmisaibilities  leaa  than  that  of  the  model.  In  many 
situations  the  inter-  and  intra-aubjact  variability  will  be  such  that  the  difference  between  trunamiaaibil ity 
in  the  real  environment  and  the  laboratory  environment  will  be  greater  than  the  difference  between  the  median 
tranamissibility  in  tha  laboratory  and  that  of  a simple  biodynamic  model. 

Obtaining  an  adequate  fit  between  a model  and  the  average  response  of  a group  of  subjects  doaa  not 
mean  that  the  subjects  have  the  same  natural  frequencies  or  damping  as  the  model.  Thi*  is  certainly  not 
true  for  the  model  ahown  here  (see  Figure*  1 and  23)  and  i*  often  not  true  for  rare  complex  model*. 

6.3  One-degre*-of-f reedom  Model*  of  the  Seat-to-head  Tranamiaaibility  of  Individual  Subjects 

While  the  average  tranamiaaibility  of  a group  it  sometimes  given  by  a relatively  smooth  curve  the 
response  of  individuals  reflects  their  own  resonance  frequencies.  When  modelling  the  response  of  individuals 
there  is  likely  to  be  a greater  need  to  employ  models  rare  complex  than  the  on#-d#gre#-of-f raedom  modal 
used  for  group  response. 

The  response  of  the  tingle  subject  shnvn  in  Figure  6 end  diacuaaed  in  Section  4.2  suggest*  that  a 
three-dcgr#e-of-f reedom  model  should  be  used.  However,  the  subject's  response  varied  by  some  degree  during 
the  test  snd  would  have  changed  far  more  if  posture,  foot  poaition,  seating  etc.  had  been  altered.  In 
Figure  24  the  5th  and  95th  percentiles  of  the  subjects'  response  are  compared  with  the  response  of  the  tame 
aingle-degrea-of-f reedom  model  used  in  Section  6.2  (i.a.  natural  frequency  14  Hz,  damping  0,6  of  critical). 

It  is  not  possible  to  fit  auch  a curve  between  the  5th  and  95th  percentiles  at  all  frequenciea  but  for  the 
curve  shown  the  differenc#  between  the  radian  response  of  the  subject  and  the  model  is  only  about  25T  below 
30  Hz.  Larger  differences  occur  due  to  posture,  head  position,  seating  conditions  etc.  Referring  to  Figure 
1 it  is  clssr  that  another  model  would  be  required  for  other  subjects, 

7.  CONCLUSIONS 


It  is  oftsn  convenisnt  to  aurauriae  the  complex  response  of  the  human  body  by  auggetting  that  resonances 
of  th#  head,  ahoulder-girdls,  abdoman,  ate.  occur  ac  specific  frequencies.  Improved  knowledge  of  auch  res- 
onancat  and  other  aspects  of  biodynamic  response  could  have  practical  banafita.  However,  the  results 
reported  in  this  paper  suggest  that  the  tranamiaaibility  of  the  human  body  is  highly  variable  and  simple 
statements  of  its  resf  >nae  could  be  misleading.  The  table  in  Appendix  1 summarises  aoma  of  the  principal 
factor*  that  have  been  found  to  affect  the  aeat-to-head  tranamiaaibility  of  the  body. 

The  data  provided  from  the  preaent  and  previous  studies  might  be  used  in  the  evolution  of  a Standard 
on  the  biodynamic  response  of  the  body.  Such  a Standard  could  consist  of  the  definition  of  the  damping  and 
nafurat  frequency  of  a aingle-degree-of-f reedom  system  at  considered  in  Section  6.2  above.  However  the 
matt,  stiffness  and  damping  of  thi*  model  would  not  be  representative  of  any  definable  part  of  the  human 
body.  These  parameters  would  rarely  be  convenient  numbers  chosen  to  approximate  by  means  of  th*  appropriate 


at. 


equation  the  average  reapouse  of  subject!.  The  equations  would,  however,  appear  to  be  a model  of  the  body 
with  a certain  mass,  damping,  stiffness  and  resonance  frequency.  The  possible  misinterpretation  of  such  a 
model  may  make  it  less  attractive  than  an  idealised  response  chosen  to  be  either  easy  to  describe  (as  in 
ISO  2631  (8)  for  example)  or  convenient  for  the  construction  of  a satisfactory  electronic  weighting  with 
the  correct  response. 

An  alternative  approach  to  a biodynamic  standard  is  to  identify  three  or  four  degrees  of  freedom  and 
define  the  values  of  the  masses,  springs  and  dampers.  The  values  of  these  parameters  could  each  be  defined 
as  a distribution  making  .'t  possible  to  explore  the  response  of  selected  extrenes  of  the  population.  However 
this  requires  more  data  than  is  currently  available,  multiple  degree  of  freedom  models  become  complex  to 
solve  conveniently  and  simple  models  may  not  be  any  more  accurate  than  an  idealised  response  based  on  empiri- 
cal data  as  described  above.  As  mentioned  in  Section  1,  very  complex  models  are  required  to  predict  the  site 
of  injury  due  to  impact  or  vibration  and  since,  at  present,  their  sophisication  restricts  their  use  to  a few 
research  laboratories  there  is  little  current  need  to  standardise  their  characteristics. 

Whatever  approach  to  the  standardisation  of  biodynamic  response  is  adopted  it  is  important  that  the 
restrictions  and  assumptions  implicit  in  any  such  Standard  are  clearly  identified.  If  the  effects  of  posture, 
seat  configuration,  inter-subject  variability  etc.  are  not  defined, the  applicability  of  the  Standard  will 
be  greatly  restricted.  Conversely,  if  their  effects  are  defined  it  may  be  necessary  to  restrict  the  applica- 
tion of  the  Standard  to  particular  seating  conditions,  subject  groups  etc.  Whether  this  is  desirable  depends 
on  the  definition  of  the  purpose  of  the  Standard  and  a consideration  of  whether  publication  of  an  agreed 
approximation  to  existing  data  will  be  beneficial. 
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Figure  1.  Examples  of  the  differences  in  seat-to-head  traneaiaeibility  that  may  be  found  between 
individuals.  (See  Sections  3.1  and  3.4). 


Transmiasibility 


Figure  2.  Cumulative  distributions  of  seat-to-head  transoissibility  for  4 Hx  vertical,  a-axis  vibration. 

(Points  indicate  measured  data,  lines  represent  fitted  normal  distribution.)  (See  Section  3.2). 


Transaiesibility 


Figure  3.  Cumulative  distributions  of  seat-to-head  transaiesibility  for  16  Ht  vertical,  x-sxis  vibration. 

(Foints  indicate  measured  data,  lines  represent  fitted  noraal  distribution.)  (See  Section  3.2). 
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FREQUENCY^  HZ>  FREQUENf Y< MZ> 

Figure  4.  Mean  aeat-to-head  tranamiasibilities  of  Figure  5.  Mean  aeat-to-head  cransmiasibilicies  of 
18  men  and  18  women  (See  Section  3.3).  18  men  and  12  boys  (See  Section  3.S). 
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Figure  i.  ttodian,  10th  and  90th  percentile*  of  the  Figure  7.  Effect  of  posture  on  the  mean  aeat-to-head 

aeat-to-head  tranamlaaibility  of  a aingle  tranamiaaibility  of  12  subject*.  (Data  from 

subject  (See  Section  4.2).  Criffin,  1975)  (See  Section  4.3). 
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Figure  S. 


Figure 


Effect  of  posture  cn  the  men  sest-to-heed  transaissibility  of  18  aen  (above  left)  and  12  boys 
(above  right).  "Normal  upright  posture"  shown  as  asterisks;  "stiff"  sad  "relaxed"  postures  as 
continuous  lines.  (See  Section  4.3). 


. The  eeat-to-head  transaissibility  froo  1 to  SO  Hr  of  a single  subject  sitting  in  8 postures 
from  slouched  to  erect,  (lee  Section  4.1). 


Figure  13.  Th*  seat-to-head  transmissibility  from  Figure  14.  The  seat-to-head  transmissibility  from 
l to  50  Hr  of  * single  subject  sitting  t to  50  Hl  ef  , single  subject  exposed 

with  5 foot  heights.  (Highest  position  t0  y vibration  levels  (0.4,  0.8,  1.2, 

with  feet  on  the  same  level  as  the  seat,  2.0,  2.4  and  2.8  m/s2  r.m.a.)  (See 

central  position  with  horirontal  thighs.  Section  5.2). 

lowest  position  with  unsupported  feet). 

(See  Section  4.6). 
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Figure  15.  Comparison  of  th*  seat-to-head  transmis-  Figure  16.  Th*  seat-to-hesd  tranamiaeibility  from 
sibility  from  1 to  50  Ha  of  a aingl*  aub-  I to  50  Hr  of  a single  subject  exposed 

ject  exposed  to  three  different  spectra  to  too  seconds  of  swept  sine  vibration 

of  random  vibration.  (A:  low  frequency;  at  6 sweep  rates  (1,  5,  10,  25,  50  and 

i:  '1st  spsctruei;  C:  high  frequency  100  Ha/sec).  (See  Section  5,4). 

spectrum),  (See  Section  5.3), 
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Flgura  18.  Comparison  of  tha  aaan  aaat-to-haad  transnisalbility  and  5th  and  95th  parcant  confidanca  Intarvala 
for  swaaps  with  duratlooa  (and  eo^utar  acquisitions)  of  100  aaconds  and  2 aaconda.  (Ssa  Saction 
5.5). 
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Figure  19.  Comparison  of  th*  saat-to-taaad  transmia- 
aibility  of  a singla  aubjact  determined 
with  4 frequency  resolutions  (0.25,  0.5, 
1.0  and  2.0  Hz).  (See  Section  5.6) 


Figure  20.  Compariaor  of  the  seat-to-head  tranaaisaibil 
ity  of  a single  subject  determined  by  three 
analysis  procedures  (frost  the  cross  spectra 
(CSD) , civ is  ion  of  power  spectra  (PSD)  and 
divisions  of  r.a.a.  values  (RMS) . (See 
Section  5.7). 
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Figure  21. 


Comparison  of  the  seat-to-head  transmit-  Figure 
sibility  of  a single  subject  determined 
with  three  types  «£  input  action:  random 
vibration  spectrum,  swept  sine  end  dis- 
crete sinusoidal  vibration, 

(Sea  Section  5,8). 


22.  Comparison  of  the  mean  seat-to-head  trane- 
aissibil.'ty  of  12  subjects  sitting  in  a 
normal  posture  (no  harness  or  backrest) 
and  sitting  with  a harness  end  backrest. 
(Sae  Section  5.9), 
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APPENDIX  ONE 

SOURCES  OF  VARIABILITY  IN  THE  SEAT-TO-HEAD 
ihANSMISSIBILITY  OF  THE  HUMAN  BODY 


INTRINSIC  VARIABLES 


INTER-SUBJECT  VARIABILITY  - effects  are  large  and  frequency  dependent  (e.g,  at  4 Hz 

' “ “ about  201  of  transmissibility  measurements  fall  outside 

0.9  - 1.8  range).  Subjects  differ  in  the  dominance  and 
frequency  of  their  principal  resonances. 


Height  - tendency  towards  lower  seat-to-head  transmissibilities 

in  heavier  subjects. 

Sex  - sen  tend  to  have  higher  transmissibilities  than  women 

from  1.25  - 5 Hz  and  lower  transmissibilities  than 
women  from  5 - 100  Hz. 

Age  - from  10  - 100  Hz  the  transmissibility  of  boys  tends  to 

be  lower  than  that  of  men. 


INTRA-SUBJECT  VARIABILITY 


Posture 

Muscle  tension 

Head  position 
Foot  position 


large  effects  of  small  changes  in  position  and  posture. 
Repeatability  in  one  posture  may  be  801  of  measurements 
within  ± 20Z  of  median. 

potentially  a very  large  source  of  variability.  Posture 
may  change  voluntarily  or  involuntarily  and  may  often 
be  modified  to  reduce  subjects'  discomfort. 

increasing  muscle  tension  tends  to  slightly  increase 
transmissibility. 

affects  transmissibility  at  low  frequencies  by  large  amounts. 

footrest  height  can  affect  transmissibility  with  high 
footrests. 


EXTRINSIC  VARIABLES 


Vibration  frequency  - subjects  exhibit  1,  2,  3 or  more  resonance  peaks. 

Without  back  support  transmissibility  is  often  in  excess 
of  l below  about  10  Hz  and  decreases  above  20  Hz. 

Vibration  level  - transmissibility  may  change  with  changes  in  vibration 

level  but  this  may  be  due  to  modifications  in  posture. 

Vibration  axis  - vertical  seat  vibration  causes  motion  in  other  axes  at 

the  head;  horizontal  and  rotational  seat  motions  are 
transmitted  differently  to  the  head  - although  not 
studied  here. 

Vibration  spectra  etc.  - the  spectrum  of  a random  motion  or  the  sweep  rate  of  a 

swept-sine  input  might  have  small  effects  on  transmis- 
sibility - possibly  due  to  postural  changes  in  subjects. 

Frequency  resolution  - if  the  frequency  resolution  is  more  than  1 Hz  or  one- 

third  octave  the  amplification  at  resonance  will  be 
underestimated;  finer  resolution  is  desirable. 

Seat  configuration  - seating  conditions  can  greatly  alter  seat-to-head 

transmissibility  by  altering  posture  etc.  and  by  pro- 
viding a vioratlon  input  near  to  the  head. 

Analysis  method  - transmissibility  may  be  determined  by  several  alterna- 

mathods  (e.g.  via  computation  of  cross  spectra  and  power 
spectra,  power  spectra  alone  or  only  r.m.s,  lavela  of 
seat  and  head  acceleration  at  each  frequency).  The 
method  depends  on  the  type  and  quality  of  the  input 
motion.  The  differences  that  exist  between  the  results 
of  the  alternative  methods  may  often  be  relatively  small 
but  sometimes  useful  and  important. 
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DISCUSSION 


MR,  A.  JUNKER  (USA) 

You  Indicated  that  even  if  you  photographed  the  position  of  the  subject,  you  are 
not  sure  of  the  posture  he  Is  assuming.  How  did  you  control  the  various  postures 
the  subjects  were  taking,  to  guarantee  you  had  what  you  thought  ;ou  had? 

AUTHOR'S  REPLY 

In  the  data  I showed  the  cooperation  of  the  subject  was  heavily  involved  ir,  ’he 
experimentation.  They  had  to  understand  what  was  required  to  produce  this  sort  of 
data.  The  group  data  obtained  from  naive  subjects  could  not  result  in  such  system- 
atic data.  One  can  Instruct  the  subject  either  by  saying:  "sit  very  upright" 
or  "sit  very  slush"  and  there  is  data  of  that  type  In  the  paper.  Alternatively, 
you  can  say:  "change  your  posture  until  you  feel  the  most  vibration  in  some  part 
of  the  body,"  that  again  will  give  you  the  extremes  and  in  the  paper  you  will  see 
those  extremes  compared  with  what  you  will  get  If  you  just  ask  the  subject  to  sit 
on  a vibrator  in  a normal  relaxed  position. 

DP.  0.  ALLEN  (UK) 

As  the  next  part  of  your  work  do  you  intend  to  make  mathematical  models  for  your  work? 
AUTHOR'S  REPLY 

I think  the  model  has  to  be  related  to  the  application.  The  application  of  much 
of  this  work  is  concerned  with  visual  performance  and  subjective  response  and  the 
answer  in  those  areas  is  yes. 
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Several  facets  of  the  comprehensive  biodynamic  modeling  program  presented  at  the  ARAB  11  Aerospace 
Medical  Panel  Meeting  at  Oslo,  1971*,  have  been  successfully  completed  and  are  reported  here.  The  objec- 
tives and  approach  (an  ensemble  of  physical  models  of  just-adequate  complexity,  with  adjustable  or  adap- 
tive parameters')  are  first  reviewed. 

The  development  of  a variety  of  lumped  parameter  models  to  explain  and  codify  the  known  data  on  low- 
frequericy  vibration  effects  and  to  predict  likely  effects  in  new  situations  has  been  brought  to  a useful 
level.  These  are  described  with  presentations  of  typical  validation  data; 

a)  BIGDYN-70,  a user-interactive  computer  program  which  is  capable  of  modeling  the  biomechani- 
cal properties  of  a variety  of  pilot/crewmnn  posture  and  control  situations  in  which  active 
neuromuscular  systems  are  involved. 

b)  PIVIB,  a user-instructed  batch  program  (developed  by  others)  for  modeling  effects  of  vibra- 
tion on  tracking  performance,  and  which  requires  information  supplied  by  BI0DYN-73  in  its 
use , 

The  relationship  and  applications  of  these  and  other  related  new  models  ore  discussed  with  respect  to 

their  development  statu*  and  potential  applications, 

♦ 

Specific  recommendations  are  made  for  more  refined  experimental  data  (e.g, , simultaneous  accelera- 
tions on  various  body  locations  and  better  postural  and  dynamic  mode  shapes  via  cinematography,  etc.)  and 
interface  compatibility  among  various  models. 
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This  is  a progress  report  on  recent  work  and  achievements  in  measuring  and  modeling  the  effects  of 
low-frequency  vibration  (O.P-SO  Hz)  on  the  performance  (visual,  tracking,  etc.)  of  vehicular  crewman. 
Although  the  main  research  relates  to  pilots  and  operators  of  equipment  in  aircraft,  there  are  examples 
from  high-speed  snips,  and  the  resulting  technology  certainly  applies  to  land  vehicles. 

Typical  problems  for  which  these  models  are  being  developed  are  shown  in  Fig.  1.  Vibration  effects 
on  performance  usually  occur  at  the  operator  interfaces  with  his  environment,  such  as;  the  seating/ 
restraint  system  (and  any  isolation  features  such  as  cushions  or  springs);  displays  (whether  or  not  they 


EVE/ HEAD?  HELMET- DYNAMICS: 

• Analyze  vibration  Interference  with  vision 


• Biodynamic  design  ol  helmet-mounted  displays 
under  high  G?  and  bullet 


RESTRAINT/SEAT1NC  AND  ISOLATION  SYSTEMS: 


DISPLAYS: 

• Analyze  display  mounting.  Isolation, 
stabilization  concepts 

• Analyze  effects  of  size,  viewing  distance, 
orientation,  etc, 

CONTROLS/ MOTOR  COORDINATION: 

t Analyze  competing  control  configurations 
ie.  g, , fly-by-wire  vs.  center  stick)  for 
la)  effects  of  rough  air  excited  bending 
modes  for  large  aircraft,  or  fbl  high  g 
buffet  for  fighters 

• Design  vibration  resistant  controls 


• Anal  yze  performance  consequences  of  compotl  ng 
restraints  and  cushions 

• Design  new  restraint  and  isolation  systems 

t Analyze  performance  offsets  of  various 
postural  situations  fl.e. , supine  seating) 

t Ride  qualify  Implications  on  various  (asks 
and  locations  In  aircraft 


OVERALL 

* Optimize  among  various  tradeoffs  prior  to 
testing,  also  simulations  to  operational 
situations 

a Predict  pilot  control/vehlcle  motion  Inter- 
actions fe.g,,  pilot  Induced  oscillations) 


Figure  t.  Problem  Areas  of  Interest 


move  with  the  teat  or  cockpit) ; controls  (especially  tracking  control  sticks  or  devices  held  arid  aimed  by 
the  operator),  eye/head  motions  as  they  affect  the  perceived  image  motions  (and  effect  of  helmets  and 
helmet-mounted  sights).  Finally,  there  are  the  overall  tradeoffs  between  better  seating  and  restraints 
versus  better  controls  versus  better  displays  (e.g,,  vibration-compensated  displays,  head-mounted  dis- 
plays, etc.).  For  such  problems  as  these,  one  needs  "uniformly  valid  first  approximation"  models,  which 
can  capture  the  essential  features  of  a variety  of  vibration  interface  problems  in  a computationally  ef'fi^ 
clent  manner.  That  is  the  overall  goal  of  this  research. 
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A more  detailed  discussion  of  these  problems  and  possible  approaches  toward  solving  them  was  pre- 
sented at  the  Aerospace  Medical  Panel  Specialist's  on  "Vibration  and  Combined  Stresses  in  Advanced  Sys- 
tems," at. Oslo,  Norway,  in  April  197^  (Ref.  1).  After  reviewing  the  relevant  definitions  and  measures  of 
task  performance,  behavior,  stresses,  and  strains,  that  paper  considered  three  approaches: 

• A purely  experimental  investigation  of  all  possible  situations  (which  would  never  be  even 
partially  completed). 

• An  ad  hoc  simulation  of  each  problem  as  it  arose  (which  gives  relevant  data  for  the  case 
at  hand  but  cannot  be  extrapolated  to  new  situations). 

• A comprehensive,  empirically  based  theory  (which  requires  carefully  coordinated  cycles  of 
modeling,  validation/refinement  experiments,  and  the  development  of  a user-oriented  "cata- 
log" of  models  and  data  that  can  be  extrapolated  to  new  situations  even  before  a proper 

ad  hoc  simulation  can  be  developed). 

The  comprehensive  theory  approach  was  recommended  in  Ref.  1 for  a number  of  reasons,  given  therein, 
and  the  USAF  Office  of  Scientific  Research  and  Aerospace  Medical  Research  Laboratory  have  sponsored  the 
majority  of  the  program.  This  paper  reports  progress  as  of  mid  1978,  at  which  time  the  first  really 
usable,  albeit  embryonic,  models  are  available. 

Scope  and  Status 

As  noted  above  and  discussed  in  Refs.  1-3,  the  basic  approach  is  to  use  simplified  physical  models 
with  dynamic  elements  analogous  to  those  of  the  body/limb /he ad /eye  system  and  their  interfaces  with  the 
seat,  display,  and  controls.  The  complete  three-dimensional  assemblage  of  bones,  muscles,  and  organs, 
plus  the  complex  neuromuscular  control  system,  is  far  too  complex  to  model  efficiently  enough  for  prac- 
tical solutions  of  the  problems  described,  and  such  complexity  is  not  really  needed.  Instead,  only  those 
elements  required  for  a likely  class  of  problems,  such  as  those  of  Fig.  1,  are  employed. 

Most  of  this  work  to  date  has  emphasized  vertical  and  fore/aft  vibration  (e.g.,  Refs,  t-6),  with 
some  work  on  lateral  vibration  (e.g.,  Refs.  2 and  7)  and  very  limited  work  on  combined  vibrations  (e.g., 
Ref.  8). 

Figure  2 shows  the  fundamental  model  structure  used  for  evaluating  blodynamic  interference  with 
visual  and  control  tasks,  adapted  from  Ref.  1.  The  main  blocks  delineate  the  "human  operator,"  "con- 
trolled element"  (which  is  also  the  source  of  vibrations  via  the  disturbance  inputs),  and  "manipulated 
object"  (such  as  a book,  aimed  device,  or  simply  a visually  fixated  external  object.  The  main  interfaces 
at  the  display,  seat,  and  controls  are  also  shown.  Within  each  major  block  are  the  main  elements  we  ha 
modeled,  e.g.,  seat-interface,  body,  head,  eyes,  limb,  etc.  We  will  expand  on  these  later. 

The  checks  (s/)  or  question  marks  (?)  beside  each  element  den’ote  the  status  of  its  math  model.  The 
earlier  ( 1 97Ji ) status  is  shown  dashed  to  reveal  where  progress  has  been  made.  There  are  few  "?"  left, 
implying  that  the  models  are  approaching  a new  level  of  maturity  in  which  they  are  ready  for  more  wide- 
spread validation, -refinement,  and  application. 

The  selection  of  specific  models  from  the  available  ensemble  starts  with  Fig.  2,  using  its  blocks  to 
define  the  task  and  its  measures  of  performance;  the  controlled  element  with  its  dynamic  elements  includ- 
ing structural  modes,  seat-response  properties,  and  control  excitation  of  vehicle  motions;  the  forcing 
functions  (commands  to  be  followed  and  disturbances  to  be  suppressed  or  which  produce  vibration);  the 
interface  properties  such  as  display  distances  and  sizes;  control  stick  "feel"  properties;  etc.  The 
specification  of  all  the  dynamic  elements  of  Fig.  2 is  essential  to  any  application  and  requires  a fairly 
complex  model  structure  and  an  input-descriptor  file  containing  several  dozen  parameters. 

The  next  step  is  the  calculation  of  the  biodynamic  "feedthrough"  or  transmissibility  to  the  scat, 
head,  eyes,  and  image  motions  (for  visual  performance  effects)  and/or  to  limb  and  control  stick  (for 
manual  control  performance) , All  of  the  models  used  here  have  special  features  to  allow  the  redundant 
and  active  neuromuscular  forces  due  to  body/limb  coupling  with  the  control  sticks  or  arm  rests  to  be 
efficiently  modeled.  The  manual  control  situation  precludes  the  use  of  the  passive  "open  chain"  anthropo- 
morphic models  now  highly  developed  for  crash  research  (e.g.,  Ref.  9). 

The  model  and  user's  program  we  have  been  developing  to  compute  these  biomechanical  transmissibili- 
ties  is  called  "BIODYN-78"  (BIODYNamics,  and  the  number  denotes  the  model  year),  and  its  scope  and  role 
are  depicted  on  Fig.  3,  which  la  an  expansion  of  the  center  region  of  Fig.  2 (Ref,  10).  Even  for  rela- 
tively simple  situations  involving  tracking  a CRT  display  with  a spring-restrained  control  stick,  there 
are  numerous  blodynamic  elements  in  the  causal  chain,  and  dozens  more  parameters  must  be  specified  to 
define  the  operator's  size,  posture,  tenseness  (neuromuscular  gains),  eye-to-display  locations,  etc.  As 
noted  by  the  numbers  in  parentheses  in  Fig.  3,  there  are  ? seat/pelvis/interface  parameters  (such  as 
seat  force  gradient,  damping,  lower  body  effective  mass,  compliance  and  damping),  10  torso  parameters, 
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Figure  2.  Overall  Model  Structure  for  Evaluating 
Biodynamic  Interference 
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Figure  3.  Modeling  of  Operator  Elements 
and  Interfaces 


21  neuromuscular  (NM)  items,  15  limb /stick  interface  or  arm  rest  parameters,  and  lit  head/neck/shoulder 
parameters.  These  are  in  the  1978  version,  which  computes  limb/atiek  transmissibility  or  force  impe- 
dance as  well  as  head -point -of -regard  and  translation,  shoulder  motions,  etc.,  as  illustrated  in  Fig.  4. 
Only  the  main  body  links  are  shown  in  Fig.  4a.  The  basic  equations  of  motion  are  nonlinear  in  the  pos- 
tural and  neuromuscular  variables,  but  the  equations  are  automatically  trimmed  about  the  average  operat- 
ing point  aid  linearised  equations  are  used  to  compute  the  vibration  effects. 

A first  cut  at  a model  for  vibration-induced  image  motions  has  been  made  (Ref,  11)  which  takes  as 
inputs  the  head  rotations  and  translations  and  accounts  for  the  vestibulo-ocular  reflex  (which  roughly 
stabilises  the  eye  inertially  up  to  about  6-8  Hz)  and  the  fixation  reflex  (which  can  follow  display  image 
motions  up  to  about  1-2  Hs).  It  is  denoted  on  Fig.  3 as  "BIODfN-79"  in  anticipation  of  its  inclusion  in 
the  current  BI0DYN*78  computer  program,  and  is  illustrated  in  Fig.  ?.  About  14  eye/head  quantities  are 
specified  along  with  five  or  six  display  interface  parameters.  (For  details  see  Ref.  11.)  We  also  plan 
to  include  the  additional  effects  of  a helmet  and  helmet-mounted  displays  or  sights  in  the  1979  version. 

As  the  third  step  the  computed  vibration-induced  motions  of  the  head,  stick,  shoulder,  and  points  of 
regard  (at  the  display)  of  the  head  and  eye  are  used  to  determine  the  visual  task  performance  decrements 
via  empirical  relationships  between  these  motions  and  perceptual  or  motor  performance  (e.g.,  detection 
errors,  tracking  "indifference  threshold,"  etc.).  The  connection  between  the  net  performance  of  various 
tasks  and  the  confuted  (or  actual  limb  or  head)  motions  remains  the  weakest  link  in  the  chain  from  vibra- 
tion input  to  measured  task  performance. 

Further  systematic  experiments  of  the  type  originally  performed  by  Drazin  (Ref.  12)  and  lately  by 
Benson  and  Barnes  (Refs.  13  and  14)  need  to  be  performed  to  provide  a data  base  for  this  final  link  in 
the  visual  performance  chain. 
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Figure  It.  Control  Feedthrough  Model  and  Validation 
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Figure  5-  Model  for  Image  Motions  Due  to  Head  Vibration 

When  tracking  performance  (or  performance  on  a manipulated  object  task)  is  desired,  the  fourth,  and 
most  difficult,  step  is  necessary.  All  of  the  vehicle  dynamics  and  biomechanical  transmittances  must  be 
included  in  a complex  model  of  the  human  operator's  adaptive  tracking  strategies.  The  "classical"  models 
for  doing  this  are  typified  by  those  of  McRuer  and  his  associates  (e.g. , Refs.  If  and  16).  They  use 
lumped -parameter  submodels  for  the  perceptual,  equalization,  and  neuromuscular  processes,  with  adjust- 
able parameters  which  covary  with  various  task  variables.  Including  vibration  (e.g.,  see  Ref.  ?) . A 
current  version  of  this,  the  so-called  "Compleat"  Human  Tracker  model  is  summarized  in  Fig.  6. 

The  modern  equivalent  to  this  is  the  optimal  control  theory  model  of  Kleinman,  et  al.  (e.g.,  Ref.  17), 
in  which  the  catalog  and  adaptation  "rules"  of  the  classical  human  operator  model  are  replaced  by  an 
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Figure  6.  Typical  Human  Operator  Performance  Model 

optimal  control  law  algorithm  whose  coat  functional  Is  adjusted  (based  on  fitting  empirical  data)  to  pro- 
vide the  covarying  parameter  trends  observed  in  experiments. 

The  optimal  control  model  for  tracking  has  been  highly  refined  and  applied  to  modeling  performance 
under  various  axes  and  types  of  vibration  by  Levi son  (e.g.,  Refs,  6-8)  and  has  been  put  in  a user-oriented 
computer  program  as  "FIVIB"  (Pilot  VIBration,  Ref.  )8),  which  in  accordance  with  our  dating  scheme  will 
be  designated  herein  as  "PIVIB-77."  As  implied  on  Fig.  3,  PIVIB-77  can  use  BI0DYN-7S  (or  experimental 
data,  if  available)  to  provide  the  various  biomechanical  transmissibilities  required.  The  current  PIVIB 
has  some  oversimplified  assumptions  regarding  the  performance  decrements  due  to  head-point-of-regord  motion 
(e.g.,  it  does  not  yet  properly  account  for  vestibular  or  image  tracking  effects  of  the  eye's  control  sys- 
tem). Nevertheless,  it  does  give  a good  first  approximation  to  performance  changes  for  a wide  range  of 
task  variables  (such  as  input  spectra,  stick  scaling,  vibration-induced  blur  threshold).  As  should  be 
expected  from  the  discussion  of  Figs,  2 and  3,  hundreds  of  parameters  are  required  in  the  PIVIB  input 
files,  because  it  has  to  cover  all  of  the  elements  in  Fig.  2. 

We  have  shown  that  each  of  the  four  steps  in  assessing  vibration  effects  on  performance  now  has  math 
models  of  varying  degrees  of  confidence  and  ease  of  use.  The  selection  of  individual  models  depends  on 
the  axes  of  vibration  and  of  manual  control,  the  type  of  vibration,  and  the  availability  of  purely  empiri- 
cal data  (e.g.,  experimental  frequency  responses)  or  the  need  for  prediction  before  the  experiment  or 
design  is  frozen. 

VALUATIONS 

The  biomechanical  model,  BIODYN-78,  and  its  antecedents  have  been  progressively  refined  and  validated 
as  experimental  data  of  suitable  format  and  quality  became  available.  Typical  fits  of  the  body,  limb,  and 
head-point-of-regard  data  are  shown  in  Fig.  *‘C  from  one  of  a series  of  experiments  with  quasi-random 
vibration  (i.t»,,  the  sum  of  five  sinusoids  of  non-simple-harmonic  ratios).  Further  details  ore  given  in 
Ref.  3.  The  main  point  to  note  from  Fig.  he  is  that  one  model  (albeit  complex)  simultaneously  fits  all 
of  the  several  degrees  of  freedom  measured.  More  experiments  are  needed  with  simultaneous  measurements 
at  several  well-defined  body  points,  e.g.,  shoulder,  sternum,  head  (2  places),  and  arm  bones  or  joints, 
along  with  the  main  seat  input  (e.g.,  via  a 10  cm  "ISO"  disk  with  accelerometers  between  the  buttocks  and 
seat).  Since  small  differences  between  large  accelerations  are  important,  very  high  grade  instrumenta- 
tion and  inputs  are  required. 

Figure  !»b  shows  another  example,  also  described  in  Ref.  3,  where  wideband  vehicle  vertical  motions 
in  the  0.5  to  5 Hz  range  (from  the  high-speed  ship  simulation  program  described  at  Oslo  in  Ref.  1)  were 
imposed  on  crewmen  sitting  in  various  degrees  of  postural  relaxation  (here  relaxed,  eyes  closed).  The 
main  point  is  that  the  multimodal  character  of  the  data  is  well  matched  by  the  model.  One  subject  noted 
that  he  "tilted  his  hips  forward"  (dashed  line  in  Fig.  *tb)  to  relieve  some  of  the  head  bobbing;  the  model 
correctly  captures  this  effect. 

The  head/eye/eontrol  image  motion  model  of  Fig.  5 is  much  less  well  validated,  but  it  shows  promise. 
It  relies  on  the  fact  that  under  most  low-frequency  vibrations  the  eye  only  moves  a degree  or  two  (not 
enough  to  trigger  visual  aaecadea)  and  thereby  permits  a quasi-linear  modeling. 

At  the  bottom  of  Fig.  7 are  some  image  motion  predictions  made  for  three  types  of  display /head  inter- 
face; target  alone  moved  (head  fixed);  target  fixed  (head  and  eye  moved);  and  a head-mounted  display 
(image  moving  with  the  head).  Notice  the  different  bandwidths  of  image  (error)  motion,  as  mentioned  ear- 
lier — poor  for  target  moved  and  good  for  head  moved.  More  interestingly,  the  head-mounted  display  gives 
rise  to  large  image  motion  errors  because  the  counterpitching  tendency  of  the  eyes  works  against  a head- 
mounted  display.  Vibration-induced  decrements  in  digit  reading  accuracy  as  measured  recently  by  Benson 
ard  Barnes'  experiments,  are  shown  at  the  top  of  Fig.  7-  The  similarity  of  trends  in  computed  image 
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motion  and  meaaured  accuracy  auggetti  some  validation  for  assuming  that  visual  performance  can  be  related 
to  image  notion.  Again,  much  more  experimentation  is  needed,  ttnd  we  recommend  that  eye  motion  be  measured 
in  aa  many  caaea  aa  feasible, 

The  overall  ability  of  the  complex  PIVIB-77  model  structure  and  algorithms  to  model  manual  control 
performance  i*  demonstrated  in  Fig.  8,  which  includes  overall  error  scores  (top)  and  control  actions 
(bottom)  from  three  different  experiments  performed  at  the  USAF  Aerospace  Medical  Research  Laboratory, 

A couple  of  general  points  are  illustrated  by  Fig.  8; 

• The  PIVIB  model  (after  adjustment  of  its  algorithms)  was  able  to  fit  all  three  experiments 
fairly  well  without  further  changes,  both  for  error  and  control  action. 

• The  effects  of  vibration  versus  static  on  task  error  are  generally  not  very  large  and  are 
often  within  the  range  of  individual  subjects.  Adversely  sensitive  control  stick  gains  or 
postures  can  greatly  Increase  the  vibration  effects,  especially  on  the  rms  control  activity, 
as  shown. 

• Big  effects  occur  due  to  input  scaling,  stick  and  display  scaling,  etc.  These  effects  are 
currently  modeled  by  PIVI3. 

PIVIB  is  not  computationally  very  efficient,  because  it  incorporates  optimum  Kalman  filter  subrou- 
tines which  require  the  solution  of  Riccati  equations.  However,  it  has  been  put  in  usable  form  with  a 
user’s  guide,  and  it  is  ready  to  be  tested  and  further  refined. 
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Figure  8.  Vibration  Effects  on  Tracking  Performance 
Measures  vs.  PIVIB  Model  (From  Ref.  8) 


PBIDICTIOHS 

An  objective  of  these  models  is  to  permit  prediction  of  problem  areas  or  solutions  before  actual 
simulation  data  are  available.  One  such  prediction  of  BIOPYN-78  is  shown  in  Fig.  9,  which  compares  the 
head-lino-of-sight  transmissibility  (which  ttie  eyes  have  to  compensate  for)  for  a standard  It  deg  tilt- 
back  fighter  aircraft  seat  with  an  advanced  6K  deg  tilt-back  seat  designed  for  High  Acceleration  Cockpits 
(HAC)  (for  details  sec  Ref.  ?),  An  order  of  magnitude  increased  sensitivity  to  vibration-induced  head 
bobbing  Is  predicted  if  the  head  or  neck  is  not  supported  (as  assumed  here ' . Vibration  experiments  on 
such  configurations  seem  warranted,  with  comprehensive  measurement s of  seat  and  torso  motion,  head  and 
limb  motions,  and  tracking  and  visual  identification  task  performance. 

Other  predictions  have  been  made  as  to  the  influence  of  an  aru  rest  on  vibration  feedthrough  (depends 
on  the  percentage  of  arm  weight  carried  by  the  rest  and  on  the  limb  angles  involved)  and  on  the  effects  of 
various  postures. 

The  usefulness  of  such  models  for  this  sort  of  prediction,  parameter- tradeoff  study  depends  on  how 
convenient  is  its  access  and  how  easy  it  is  to  modify  the  parameters . RIODYN-78  has  been  designed  for 
user-interactive  operations  on  the  Tymr.hare,  Inc,,  timeshared  computer  network,  and  it  could  eventually 
be  accessed  by  anyone  with  a simple  teletype  terminal  with  telephone  coupler  to  Tyashare  (not  yet  avail- 
able, however).  Among  the  advantages  are  the  very  convenient,  well  documented,  mid  powerful  Editor  and 
Executive  modes  for  Tymshare,  which  make  It  easy  to  change  the  variables , select  new  Inputs  or  outputs. 
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Figure  9-  Use  of  Model  for  Problem  Prediction 
(Increased  Head  Motions  in  High-G  Seats) 


and  store  and  plot  the  results  on  a simple  terminal.  We  hope  that  this  scheme  can  be  made  more  available 
for  general  use  and  we  encourage  others  to  do  the  same.  PIVIB  is  a batch-oriented  program  presently 
available  on  the  WPAFB  CDC-6600  computer  for  USAF  projects  only. 


PROBUHS 

Neither  BIODYN-78  nor  PIVIB-77  are  complete  programs,  and  numerous  gaps  and  weak  areas  exist  which 
need  attention.  Some  of  these  are  as  follows: 

1 ) BIODYN-78  needs  to  be  extended  to  incorporate  the  lateral  model  previously  derived  in 
Ref.  2,  the  head-eye  model  of  Ref.  11.  and  helmets  and  helmet-mounted  displays  and  active 
neuromuscular  control  of  the  head/neck  system. 

2)  PIVIB-77  needs  better  interface  models  with  respect  to  image  motion  effects,  free  stick 
effects,  as  well  as  a more  convenient  interactive  mode  of  operation  (in  addition  to  the 
efficient  batch  mode) . 

3)  The  links  between  head,  hand,  and  eye  motions  and  visual  perception  effects  need  to  be 
forged  on  a sound  scientific  basis.  The  theory  should  be  used  to  guide  the  experimental 
plans  and  measurements. 

1»)  The  validity  of  the  neck-head-vestibular-eye  system  needs  to  be  extended  to  very  low  fre- 
quencies (below  0-5  Hz)  where  some  anomalies  have  consistently  shown  up  (e  g . see  Fig.  l>b) . 
Eye  movement  data  are  essential  here,  and  postural  controls  must  be  imposed, 

S')  More  users  have  to  try  to  apply  these  models  to  their  data.  One  ideal  candidate  is  Row- 
lands' extensive  compilation  of  seat  to  head  and  shoulder  transmissibilities  under  a wide 
variety  of  postures  (Ref,  19).  The  main  obstacle  here  is  the  lack  of  documented  postural 
information  (e.g.,  two-view  photos)  or  of  vibrational  "mode  shapes"  at  the  salient  peaks 
and  dips  of  each  frequency  response  (e.g.,  via  high-speed  cinematography).  Please  docu- 
ment your  postures  and  dimensions  for  each  subject! 

6)  The  movement  of  the  eyes  under  vibration  is  very  difficult,  to  measure,  because  nothing  of 
any  mass  can  be  attached  to  the  face  (electro-oculograms  are  no  good  when  facial  tissues 
jiggle  around)  and  the  motions  are  very  small.  The  TV  scanning  oeulometer  such  as  Honey- 
well’s would  seem  ideal,  but  its  effective  sampling  lag  is  excessive  for  vibration  work. 
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To  illustrate  one  of  the  more  challenging  problems,  consider  Fig.  10,  which  compares  trucking  eeor«B 
(actually  "critical  instability"  levels,  Xc,  to  which  trucking  performance  is  strongly  correlated,  sec 
Ref,  20)  for  a number  of  naval  crewmen  for  the  static  case  versus  wideband  ship  motion  conditions  generat- 
ing severe  kinetosis  (motion . sickness)  in  each  subject  (ali  shown  are  those  which  aborted  the  motion  con- 
dition sooner  or  later  and  the  degree  of  kinetosis  is  shown  by  the  numbers  by  each  symbol).  The  results 
show  that ; 

• When  reasonably  motivated  (as  here),  typical  crews  will  retain  about  80  percent  of  their 
static  performance  even  when  feeling  quite  queasy. 

• As  kinetosis  proceeds  to  frank  nausea,  the  tracking  performance  suddenly  deteriorates, 

• The  performance  decrements  from  kinetosis  lie  within  the  range  of  performance  of  different 
individuals , 

Modeling  the  highly  nonlinear  progress  of  kinetosis  (enhanced  by  low-frequency  vibration  in  the  0.2-0. ? Hz 
region)  and  performance  thereunder  stands  as  a key  challenge  for  the  next  AGARD  AMP  Specialist's  Meeting 
on  Vibration  Effects. 
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Figure  10.  Tracking  Performance  Decrement 
During  Severe  Kinetosis 
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DISCUSSION 


DR.  Q.  ALLEN  (USA) 

As  I understand  It  you  included  a vestibular-ocular  reflex  as  a sort  of  active  cor- 
rection for  eye  motion.  Did  you  also  include  any  active  components  for  your  body 
motion;  e.g.,  limbs,  below  2 Hertz? 

AUTHOR'S  REPLY 

Yes,  the  limb  control  is  an  active  loop,  which  can  be  used  to  correct.  We  do  not 
have  - and  should  have  - an  active  system  for  the  head  and  neck  and  that  is  some- 
thing that,  should  be  added. 
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Abstract 

The  application  of  manual  control  theory  to  the  investigation  of  the  effects  of  motion  cues  on  pilot 
control  behavior  is  presented.  Experiments  and  modeling  approaches  which  have  led  to  the  development 
of  a predictive  motion  sensitive  optimal-control  pilot-vehicle  model  for  roll  axis  motion  cues  are 
described.  The  way  in  which  human  operators  make  use  of  disturbance  and  commanded  motion  cues  are  also 
deliniated. 


1.  Introduction 

Emphasis  on  expanding  the  use  of  ground  based  simulators  has  caused  the  Air  Force  to  take  a more 
critical  look  at  the  usefulness  of  moving  base  simulators.  This  has  resulted  in  the  realization  that 
the  technology  necessary  to  specify  adequately  motion  cue  requirements  is  not  available  and  that  the 
effects  of  motion  cues  on  pilot  control  behavior,  as  presently  available  on  moving  base  simulators,  are 
not  clearly  understood  at  this  time. 

At  the  Aerospace  Medical  Research  Laboratory  (AMRL)  we  believe  that  some  of  these  deficiencies  can 

best  be  minimized  through  the  application  of  Manual  Control  technology.  By  making  use  of  a predictive 

pilot  model  which  is  sensitive  to  motion  environments,  the  effects  of  simulator  notion  on  the  pilot  can 

be  mathematically  described.  Having  a quantitative  measure  of  the  motion  cue  effects,  better  design 

schemes  can  be  implemented. 

Considerable  research  has  been  performed  in  the  area  of  manual  control  and  a broad  foundation  has 
been  built  upon  which  we  can  now  develop  the  needed  technology.  As  stated  in  reference  (18)  there  are 
two  basic  types  oi  pilot  models  available;  describi  ig  function  models  and  state  space  models.  The  first 
type,  which  is  formulated  in  the  frequency  domain,  originated  with  classical  control  theory  (19).  The 
second  type  of  pilot  model,  which  is  formulated  in  the  tine  domain,  was  developed  from  modern  control 
and  estimation  theory  !9). 

When  we  began  our  research  program  to  include  the  effects  of  motion  environments  in  a predictive 
pilot  model  neither  modeling  approach  could  account  for  motion  cues  adequately.  Although  a number  of 
experimental  studies  have  been  conducted  to  determine  the  effects  of  motion  cues  on  pilot  response 
behavior  (1-5),  a generalized  model  has  not  been  developed  and  tested.  Rather,  the  conclusions  reached 
in  these  studies  have  been  restricted  to  the  context  of  the  experiments  yielding  the  data. 

Perhaps  the  most  comprehensive  study  of  the  effects  of  motion  cues  on  tracking  performance  was 
conducted  by  Shirley  (3),  He  explored  overall  system  performance  and  pilot  response  behavior  in  a 
series  of  tasks  that  include  a wide  range  of  vehicle  dynamics  Most  of  his  results  conformed  to  the  fol- 
lowing set  of  rules;  the  human  operator  uses  motion  to  generate  additional  lead  at  high  frequencies, 
greatest  percentage  reduction  in  RMS  error  scores  with  motion  is  achieved  for  systems  that  respond  to 
inputs  above  3 rad/sec,  and  motion  is  used  to  greatest  advantage  in  marginally  stable  systems. 

Stapleford  et  al . (2)  also  found  that  high-frequency  phase  lag  decreased  and  gain  crossover  frequency 
increased  when  motion  cues  were  present;  furthermore,  these  effects  generally  decreased  as  the  vehicle 
dynamics  increased  in  difficulty.  In  contradiction  to  Shirley,  however,  they  found  that,  on  the  average, 
the  effects  of  motion  cues  on  error  score  increased  for  increasing  vehicle  difficulty.  In  addition, 
other  than  the  pitch  axis  notion  experiment  performed  by  van  Gool  and  Mooij  (5),  the  work  done  in  this 
area  has  principally  been  for  compensatory  systems  with  the  motion  cues  resulting  from  vehicle  distur- 
bance inputs.  At  AMRL  we  were  also  interested  in  quantifying  the  effects  of  motion  cues  on  pilot  control 
behavior  for  situation  in  which  the  notion  cues  resulted  from  pilot  control  inputs  due  to  target 
following  as  encountered  in  air-to-air  combat  situations. 

To  investigate  the  effects  of  motion  cues  on  pilot  control  behavior  we  built  a simple  closed  loop 
moving  base  simulator.  We  chose  motion  about  the  roll  axis  because  roll  control  as  an  inner  loop  is 
essential  in  flying  an  airplane  and  pilots  normally  experience  the  largest  velocities  and  accelerations 
about  this  axis.  The  Roll  Axis  Tracking  Simulator  (RATS!  was  developed  initially  so  that  target  follow- 
ing notion  experiments  could  be  performed.  A aeries  of  experiments  were  run  to  determine  if  the  presence 
of  motion  cues  would  affect  tracking  performance,  and  if  so  how  would  the  notion  cues  modify  pilot  con- 
trol behavior  (6,7).  From  these  experiments  we  found  that  notion  cues  could  have  both  a positive  and 
negative  effect  on  tracking  performance  depending  on  the  vehicle  dynamics  being  controlled  and  the  type 
of  notion  cues  provided.  At  this  time  we  also  realized  that  because  the  effect  of  motion  simulation  on 
tracking  performance  is  highly  dependent  on  the  details  of  the  tracking  task,  generalization  of  the  type 
reviewed  above  (1-5)  and  our  experiments  could  not  be  reliably  extended  beyond  situations  similar  to 
those  studied  experimentally.  An  alternative  philosophy  has  been  suggested  and  partially  explored; 
Namely,  to  account  for  the  pilot's  use  of  motion  cues  by  including  additional  sensory  feedback  paths 
in  a pilot  model  (1).  Given  a model  structure  that  allows  one  to  predict  the  influence  of  these  feed- 
backs on  pilot  response  as  a function  of  task  parameters,  one  may  then  extend  experimental  results  to 
a variwy  of  control  situations.  At  the  time,  the  optimal-control  pilot-vehicle  model  as  developed  by 
Bolt  Beranek  and  Newman  (BBN)  (i-11)  seemed  to  possess  this  structure.  Therefore  we  provided  data  to 
BBN  to  explore  the  model's  capability  of  accounting  for  the  effect*  of  notion  cues  on  pilot  control 
behavior  by  including  additional  rensory  feedback  patha  in  the  model.  The  results  of  this  effort  (12) 
were  hiohlv  successful. 
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At  this  same  time  we  wonted  to  investigate  the  possibility  of  providing  the  equivalent  of  motion  cue 
information  to  the  pilot  through  means  of  a peripheral  display  system.  We  hud  subjects  track  statically 
on  the  HATS  with  vehiole  roll  rate  driving  the  peripheral  display.  Analysis  of  the  tracking  data  indi- 
cated that  it  was  possible  to  achieve  similar  performance  improvements  with  the  peripheral  display  as 
with  motion  cues  <?), 

From  our  modeling  efforts  we  had  a pilot-model  which  could  account  for  the  effects  of  motion  cues 
resulting  from  commanded  inputs  due  to  target  following  on  the  RATS,  Since  this  was  a predictive  pilot 
model  which  had  accounted  for  motion  effects  by  additional  sensory  feedback  loops,  it  was  hoped  that  the 
model  could  also  be  used  to  account  for  motion  cues  resulting  from  vehicle  disturbances  and  for  different 
vehicle  dynamics.  To  test  this  and  to  extend  our  data  base  of  motion  related  human  tracking,  we  developed 
a multi-axis  tracking  simulator  (MATS)  and  performed  disturbance  tracking  as  well  as  target  tracking 
experiments  on  this  simulator.  Prior  to  performing  the  experiment  we  used  the  pilot-vehicle  model  as  an 
aid  in  the  experimental  design  and  to  predict  the  experimental  results  (13),  Experimental  data  was  then 
collected  and  further  adjustments  were  made  to  the  pilot  model  (14).  The  results  of  this  effort  were 
highly  successful  yielding  a predictive  pilot-vehicle  model  sensitive  to  the  presence  of  motion  cues. 

The  above  is  a brief  sketch  of  our  research  program  which  has  led  to  a better  understanding  of  the 
way  in  which  man  uses  motion  cues  to  aid  his  performance  and  to  the  development  of  a predictive  motion 
sensitive  pilot-vehicle  model.  In  the  remainder  of  this  paper  we  will  describe  in  some  detail  the  exper- 
iments and  modeling  efforts  which  have  enabled  us  to  reach  this  point. 

2.  Experiment  No.  1 

This  experiment  was  designed  and  performed  for  two  reasons:  first,  to  provide  a data  base  of  human 
operator  tracking,  with  the  presence  of  motion  cues,  for  the  situation  in  which  motion  had  a positive 

affect  on  tracking  performance  and  second,  to  understand  the  effects  of  linear  and  angular  acceleration 

motion  cues  on  tracking  behavior. 

While  tracking  in  a moving  base  simulator  that  has  roll  motion,  the  human  controller  is  exposed  to 
both  angular  acceleration  or  velocity  information  and  linear  acceleration  information  of  the  simulator 
he  is  controlling.  For  modeling  purposes  it  is  desirable  to  understand  the  effects  of  the  two  types  of 

motion  separately.  Due  to  changing  alignment  of  the  gravity  vector  while  tracking  in  the  RATS  a human 

controller  is  provided  with  continuous  information  about  his  orientation  relative  to  the  vertical 
through  proprioceptor  cues  and  vestibular  otolith  stimulation.  This  alters  the  visual  compensatory 
tracking  task  to  one  of  a pursuit  type  task  resulting  in  a possible  improvement  in  performance.  But  a 
multiloop  modeling  approach  to  previous  RATS  data  (15)  suggested  that  the  angular  acceleration  component 
was  the  principal  source  of  information  used  for  tracking  performance  improvement.  Stapleford  ct  ol. 

(2)  also  concluded  that  the  improvement  in  performance  is  primarily  due  to  angular  rate  feedback  via  the 
semicircular  canals.  The  desire  to  better  clarify  this  situation  by  measuring  the  effects  of  each  type 
of  motion  separately  led  us  to  devise  on  experiment  in  which  the  equivalent  of  angular  velocity  cues 
was  provided  to  the  human  controller  without  the  presence  of  linear  acceleration  information.  This  was 
accomplished  through  the  use  of  a peripheral  visual  display.  The  impetus  for  using  this  technique  came 
from  the  work  of  Ener  (16). 

' For  this  experiment  we  used  the  RATS  which  consists  of  a roll  axis  drive  system,  seat,  visual  dis- 
play and  side  mounted  force  stick  for  motion  control.  The  rotating  system  dynamics  were  identified  and 
simulated  on  a hybrid  computer;  A generalized  block  diagram  of  the  resulting  system  is  shown  in  Fig.  1. 
For  this  experiment  DISTURBANCE  was  set  to  zero.  The  simulator  could  be  opernted  in  two  modes:  motion 
and  static.  In  the  motion  mode  the  force  stick  output  went  to  the  plant  dynamics  as  a velocity  command. 
In  this  mode,  the  inputs  to  the  human  operator  were  motion  cues  and  visual  display. 


Fig,  1.  Block  Diagram  of  Target  and  Disturbance  Tracking 
Tasks. 

For  the  static  mode,  the  stick  output  drove  only  the  simulated  plant  dynamics.  The  plant  dynamics 
given  in  Eq,  (1)  were  used  because  we  knew  from  previous  work  (6)  that  motion  cues  would  have  a benefi- 
cial effect  on  performance  for  these  dynamics. 
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PUNT  DYNAMICS  = (1) 

s“(s+0.5)  (5+6) 

The  task  was  to  follow  another  aircraft  in  the  roll  axis.  The  target  aircraft  was  driven  by  a 
second  order  noise  process,  consisting  of  12  sine  waves,  with  break  point  at  0.5  rad/sec  and  an  RMS  roll 
angle  of  40  ■ The  method  used  to  select  the  12  frequencies  and  amplitudes  and  generate  the  target  sig- 
nal was  taken  from  tevison  (17), 

The  RATS  was  run  in  the  static  mode  for  that  portion  of  the  study'  in  which  the  peripheral  display 
was  used.  The  peripheral  display  was  presented  to  the  human  controller  on  two  21-ineh  television  moni- 
tors placed  on  opposite  sides  of  the  RATS  (Fig.  2). 


FiR.  2.  Placement  of  Peripheral  and  Central 
Displays. 

The  central  display  used  for  all  three  conditions  (static,  with  motion  or  with  peripheral  display) 
is  shown  in  Fig.  T.  The  target  aircraft,  represented  by  the  solid  lines,  rotated  about  the  x-axis.  Thus 
the  visual  tracking  task  was  to  null  out  the  difference  between  the  target  and  the  controlled  vehicle 
represented  by  the  dashed  line. 


Fig.  3.  Central  (Foveal)  Display. 

The  peripheral  display  presented  plant  roll  rate  information  in  the  form  of  vertical  movement  of 
alternating  black  and  white  horizontal  lines.  The  voltage  representing  plant  roll  rate  was  scaled  and 
connected  to  the  peripheral  display  circuitry.  The  circuitry  was  connected  such  that  the  displays  of  the 
two  sets  moved  in  opposite  directions.  Therefore  a static  plant  roll  rate  signal  resulted  in  horizontal 
line  movement  equal  in  magnitude  and  direction  of  the  linear  velocity  stationary  objects  located  in  the 
position  of  the  peripheral  displays  would  appear  to  have  if  the  RATS  were  to  actually  rotate. 

Four  subjects  were  used  in  the  experiment.  Kach  subject  performed  four  tracking  runs  per  day. 

The  duration  of  each  rut.  was  165  sec  and  the  order  of  runs  (one  for  each  experimental  condition)-  was 
randomized.  RMS  error  scores  were  computed  after  each  run.  Once  the  error  scores  indicated  that  the 
subject  had  "learned"  the  tracking  task  for  a given  experimental  condition,  time  histories  were  recorded 
for  subsequent  use  in  anlyzing  subject  control  strategy.  The  sampled  data  recorded  was  converted  to 
desired  performance  measures  using  a frequency  analysis  digital  computer  program  modeled  after  one  written 
by  Levi  son  (17), 

RESULTS 

The  results  of  this  experiment  which  are  highlighted  below  are  presented  in  greater  detail  in 
ref.  (7).  The  daily  tracking  scores  for  each  subject  for  each  experimental  condition  were  combined  to 
yield  group  means  and  standard  deviations.  The  results  of  the  lost  four  days  of  tracking  (after  asymp- 
totic levels  were  reached!  are  plotted  in  Fig.  4.  As  was  expected  a significant  improvement  in  perfor- 
mance with  motion  cues  was  measured.  In  addition  the  scores  signify  that  nearly  identical  improvements 
were  achieved  with  the  peripheral  display. 


Fig.  4,  Coisbined  F.rror  Scores,  Last  Four  Days. 


To  see  how  subject  performance  was  improved,  describing  functions  were  computed  nnd  evaluated. 

Group  averaged  subject  describing  function  means  for  the  motion,  peripheral  and  static  conditions  have 
been  plotted  in  fig.  5.  The  significant  effects  are  improvements  in  low  frequency  phase  lead  with  motion. 
This  same  trend  was  measured  for  the  peripheral  display  condition  ns  well. 
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Fig.  5,  Combined  Man  Describing  Functions. 

From  these  results  we  conclude  that  the  peripheral  display  information  has  the  same  effect  on  the  human 
operator  control  strategy  as  motion  cues;  namely,  that  he  uses  this  plant  rale  information  to  improve 
his  low  frequency  phase  lend  capabilities.  It  should  also  be  added  that  the  describing  function  phnse 
values  do  indicnte  a greater  phase  lead  improvement  for  the  motion  case  over  the  peripheral  case.  This 
suggests  that  cither  the  motion  is  a stronger  stimulus  than  the  peripheral  display  or  that  the  linear 
acceleration  component  of  the  motion  plays  a role,  though  minor,  in  improving  performance. 

3.  Modeling  Effort  do.  1 

The  frequency  analysis  results  for  both  the  static  and  notion  conditions  from  experiment  Ko.  I were 
supplied  to  BBN  for  model  matching  using  the  optimal-control  pilot-vehicle  model.  The  results  of  this 
effort  are  reported  in  great  detail  in  reference  (12).  A few  of  the  principal  results  of  the  BRN  effort 
are  summarized  below. 

* The  significant  effect  of  motion  cues  for  target  following  is  to  improve  low-frequency  phase  lead. 
Without  motion  cues  present  the  human  operator  describing  function  exhibits  what  has  been  called  low- 
frequeney  "phase  droop."  Therefore,  the  first  thing  done  to  the  optimal-control  model  was  to  modify  it 
to  account  for  this  phase  droop.  This  was  accomplished  by  modifying  it  to  allow  a different  treatment  of 
motor  related  pilot  "noise."  Specifically,  the  concept  of  "pseudo  motor  noise"  was  implemented  to  pro- 
vide a model  parameter  related  more  directly  to  uncertainties  about  the  control  system  as  well  as  uncer- 
tainties about  the  pilot's  control  input.  In  addition,  changes  were  mode  so  that  noise  was  injected  on 
control  rate  as  suggested  in  a previous  study  (10). 

The  focus  of  the  modeling  effort  was  to  represent  the  effects  of  motion  primarily  by  appropriate 
definition  of  the  sensory  vnrinble  assumed  to  be  available  to  the  pitot.  Thus,  static-mode  tracking  was 
modeled  with  a two-element  "display"  vector  consisting  of  tracking  error  and  error  rate.  In  the  case  of 
motion  tracking,  the  display  vector  was  augmented  to  include  quantities  that  would  be  provided  by  the 
pilot's  motion-sensing  capabilities;  specifically,  plant  position  li.e.,  roll  angle),  plant  rate,  and 
plant  accel  'ration. 

With  the  optimal-control  model  modified,  the  data  from  experiment  Wo.  I was  used  to  identify  the 
model  parameters.  An  iterative  ;>rocednre  was  followed  to  arrive  at  a set  of  pilot-related  parameter 
values  that  would  explain  the  maximum  amount  of  data  with  the  minimum  variation  in  parameters, 

RESULTS 

Comparisons  of  model  and  experimental  frequency-response  curves  are  provided  in  Fig.  A . In  general, 
model  response  curves  closely  match  experimental  measures.  Most  importantly,  the  major  effects  of  motion 
cues — the  increase  in  low-frequency  phase  lead  at  low-frequencies — are  mimicked  by  the  model,  as  is  the 
consistency  of  the  midband  frequencies  between  static  and  notion  conditions. 

4.  Experiment  No.  2 

Since  the  optimal-control  pilot-vehicle  model  has  predictive  capabilities,  the  next  step  was  to 
ascertain  how  well  it  could  predict  pilot  performance  under  different  experimental  conditions.  A Mutti- 
Axls  Tracking  Simulator  (MATS)  was  used  os  the  controlled  vehicle  for  this  experiment.  Only  the  roll 
axis  motion  capabilities  of  the  MATS  were  used.  The  simulator  consisted  of  a single  seat  cockpit  with  a 
television  monitor  display  and  side-mounted  force  stick  for  vehicle  control.  The  display  of  Fig.  3 was 
used.  The  roll  axis  system  dynamics  were  identified  and  sinnilated  on  a hybrid  computer.  To  test  she 
capabilities  of  the  optimal-control  pilot-vehicle  model  nnd  be  able  to  compare  our  results  with  other 
motion  cue  experiments,  we  investigated  the  effects  of  two  types  of  motion  cues  in  this  experiment.  The 
first  was  target  following  ns  in  experiment  no.  1.  The  other  was  for  motion  cues  resulting  from  the  con- 
trolled vehicle  being  driven  by  disturbances.  Both  conditions  were  investigated  with  and  without  motion, 
making  n total  of  four  experimental  conditions.  The  block  diagram  in  Fig.  1 shows  all  conditions.  For 
target  following  the  disturbance  input  *a!i  *n  *ero  nml  *"0,‘  t,1<*  disturbance  condition 
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fig.  6.  Model  and  Experimental  Data  Comparison 
of  Pilot  frequency  Response. 

the  target  input  was  set  to  zero.  The  plant  dynamics  used  for  all  conditions  are  given  in 

- -TAHuRT 

Kq.  (2). 


PLANT  DYNAMICS  - It 

sls*3(  ts*20) 


(2) 


With  the  vehicle  to  be  controlled  identified,  the  next  step  was  to  select  task  parameter.*  for  the  experiment. 
The  following  design  gouts  and  constraints  were  considered;  face  validity,  motion  cue  utilization,  wide 
bandwidth  response,  and  simulator  motion  1 imi tat  ions.  Experimental  parameters  that  we  could  adjust  to  meet 
these  gouls  consisted  of  (l)  RMS  amplitude  and  spectral  shape  of  the  tracking  input.  12)  control  gain  and, 

(3)  performance  criterion.  The  input  amplitude  was  adjusted  to  allow  such  response  to  be  achieved  with 
comfortable  oontrol  forces,  A second  order  noise  process  was  considered  for  the  tracking  input  and  the 
critical  frequency  of  the  input  spectrum  was  chosen  to  achieve  tlte  desired  balance  between  measurement 
bandwidth  and  tracking  difficulty.  To  keep  HMS  response  rote  and  acceleration  well  below  the  physical 
limitations  of  the  rotating  simulator,  as  well  as  to  encourage  the  test  subjects  to  respond  in  u smooth 
manner,  a performance  criterion  was  defined  as  the  weighted  sum  of  mean-squared  tracking  error  and  mean- 
squared  vehicle  acceleration.  That  is. 


o . wo  - 

tkrroh  t 


(3) 


PLANT 


where  C is  the  total  “cost'*,  *he  variance  of  the  tracking  error,  and  ^ the  variance  of  the 

acceleration  of  the  vehicle  or  simulated  vehicle  in  the  absence  of  motion  cues. 

The  immediate  effect  of  introducing  a penalty  for  vehicle  acceleration  was  to  limit  the  gam  of  the 
subject’s  responses  the  larger  the  Weighting  K,  the  lower  the  pilot  gain.  Pilot  gain  directly  influenced 
overall  man-machine  system  bandwidth,  which  in  turn,  influenced  roll  rate,  and  roll  accelerations  achieved 
during  tracking.  . 

Task  parameters  were  selected  in  the  following  way.  An  initial  set  of  parameters  was  chosen  based  on 
knowledge  gained  from  previous  experimental  studies;  ami  predictions  of  pilot-vehicle  performance  were 
obtained  with  the  pilot-vehicle  mode  1 . Task  parameters  were  readjusted  in  an  attempt  to  better  meet  the 
experimental  constraints,  and  the  system  was  reanalyzed.  We  iterated  on  this  procedure  until  satisfied 
with  the  expected  outcome  of  the  experiment » as  predicted  by  the  optimal-control  model.  As  a result  of 
this  Herat  tve  design  process  the  following  task  parameters  were  selected.  The  force  stick  gain  was  adjusted 
to  produce  10  degrees/second  vehicle  ro! I rate  for  one  pound  of  force  measured  at  thumb  height  on  the 
control  ’ grip 'and  the  cost  weighting  W ( Kq . 31  was  set  to  o.l.  la  addition,  both  the  target  and  disturbance 
inputs  were  constructed  from  13  sinusoids  whose  amplitudes  were  selected  to  simulate  a second  order  noise 
process  with  bandwidth*  of  1,0  rnd/sec  for  thr  target  input  and  2.0  rad/sce  for  the  disturbance  input.  Input 
amplitude  was  adjusted  to  provide  an  HMS  target  input  of  10  degrees  and  an  HMS  disturbance  input  of 
14  deg/sec.  With  task  parameters  selected,  the  model  was  used  to  predict  pi  lot -vehicle  performance  values 
which  were  saved  for  later  comparison  with  experimental  results.  Six  subjects  were  used  for  the  experiment. 
One  of  the  subjects  was  a licensed  pilot  and  another  student  pilot. 

RESULTS 

Once  subject  training  had  hern  accomplished,  dtta  was  collected  for  eight  days  for  all  subjects. 

Training  was  considered  completed  when  subject  performance  as  measured  by  total  cost  C for. nl I conditions 
had  reached  astimptot  it*  levels. 
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From  the  collected  data  various  system  parameter  values  were  computed  and  averaged  together  across 
days  and  subjects.  The  experimental  values  include  the  mean  and  standard  deviation  resulting  From  averaging 
together  the  six  subjects'  results.  Shown  in  Fig,  7 is  a graphical  comparison  of  predicted  and  experimental 
results  for  total  cost  (PERFORMANCE  SCORE)  and  pilot  input  (RMS  CONTROL  FORCE),  Experimental  conditions  are 
indicated  on  the  abscissa  of  each  graph;  C indicates  the  Command  (target  following)  condition,  D indicates 
the  Disturbance  condition,  M is  for  Motion  and  S for  Static.  These  results  indicate  that  the  model  could 
predict  performance  results  quite  accurately.  The  same  trends  were  observed  for  other  system  parameters  as 
reported  in  reference  (13). 
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Fig.  7.  Comparison  Between  Model  Predictions  and  Experimental 
Results  for  Performance  and  Control  Force. 

As  stated  earlier  the  motion  sensitive  aspects  of  the  model  were  developed  for  experimental  conditions 
different  from  those  investigated  in  this  experiment  and  a different  simulator  with  narrower  bandwidth 
vehicle  dynamics;  experiment  No.  1,  These  facts  further  emphasize  the  usefulencss  of  the  predictive  capa- 
bilities of  the  model. 

From  the  time  history  data  frequency-response  measures  were  computed.  The  results  of  the  six  subjects 
were  averaged  together.  The  average  frequency-response  measures  presented  in  Fig.  8 show  that  motion-cue 
effects  were  qualitatively  different  for  the  two  tasks.  The  two  measures  shown  in  the  figure  arc  amplitude 
ratio  (i.e.  pilot  gain)  and  pilot  phase  shift. 


(0)  TARGET  INPUT 


( b > DISTURBANCE  input 


Fig.  8.  Comparison  of  Model  and  Experimental 
Frequency  Response. 
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The  major  influence  of  the  motion  cues  in  the  target  task  was  to  induce  a substantial  phase  lead  at  low 
frequencies.  In  the  disturbance  task,  however,  motion  cues  allowed  the  subjects  to  convert  a high- 
frequency  phase  lag  into  a substantial  phase  lead  and  to  increase  amplitude  ratio  at  low  and  mid 
frequencies.  The  effects  of  motion  cues  observed  in  the  disturbance-regulation  task  agree  with  the 
effects  reported  by  other  researchers  (2,3)  who  found  that  moving-base  simulation  allowed  the  pilot  to 
reduce  high  frequency  phase  lag  and  to  increase  gain-crossover  frequency  and  thereby,  in  many  cases,  lower 
his  error  score.  The  data  from  this  experiment  is  analyzed  in  greater  detail  in  reference  (14). 

5.  Modeling  Effort  No.  2 

Data  resulting  from  experiment  No.  2 was  used  to  make  further  refinements  to  the  motion  sensitive 
optimal-control  pilot-vehicle  model.  The  results  of  this  modeling  effort  are  reported  in  great  detail  in 
reference  (1,4).  The  revised  optimal-control  pilot-vehicle  model  developed  in  a preceding  phase  of  this 
study  was  applied  to  the  results  of  the  experiment  described  above. 

The  treatment  of  motion  cues  was  similar  to  that  of  the  preceding  modeling  effort  in  that  presence 
or  absence  of  motion  cues  was  represented  by  an  appropriate  definition  of  the  sensory  variable  assumed  to 
be  available  to  the  pilot,  A three-element  "display  vector"  consisting  of  tracking  error,  error  rate,  and 
(in  one  instance)  error  acceleration  was  used  to  model  static-mode  tracking.  To  model  pilot  response  in 
moving-base  tasks,  we  simply  expanded  this  display  vector  to  include  position, rate,  acceleration,  and 
acceleration-rate  of  the  vehicle;  no  other  model  parameters  were  changed  to  account  for  motion-static 
differences. 

The  scheme  for  identifying  model  parameters  was  similar  to  that  described  in  (12).  Parameter  values 
were  sought  that  would  simultaneously  provide  a good  match  to  performance  scores,  describing  function,  and 
remnant  ratio.  As  in  the  preceding  modeling  effort,  the  primary  goal  of  model  analysis  was  to  determine 
a straightforward  and  reliable  procedure  for  predicting  the  effects  of  motion  cues  in  a variety  of  control 
tasks.  Therefore,  we  attempted  to  account  for  performance  on  all  four  tasks  with  the  fewest  variation  in 
parameter  values.  Variations  were  made  in  only  those  parameters  that  could  reasonably  be  expected  to 
relate  to  the  kind  and  quality  of  information  provided  to  the  pilot,  Attentional  parameters  were  the 
only  model  parameters  that  were  varied  across  experimental  conditions;  all  other  parameter  values  were 
held  fixed.  The  results  of  this  modeling  effort  are  shown  in  Fig.  8.  Model  outputs  agreed  quite  well 
with  experimental  frequency-response  measures,  and  major  trends  in  the  data  were  predicted.  Specifically, 
inclusion  of  motion-related  sensory  information  caused  the  model  to  predict  an  increase  in  low-frequency 
phase  shift  for  the  target  task.  For  the  disturbance  task,  the  model  correctly  predicted  large  increases 
in  low-frequency  gain  and  high-frequency  phase  lead. 

It  is  worthwhile  to  re-emphasize  that  the  effects  of  motion  cues  have  been  accounted  for  solely  by 
changes  in  model  parameters  related  to  the  information  availability  and  quality;  other  parameters  have 
been  kept  fixed  for  the  four  experimental  conditions. 

6.  Conclusions 

Some  of  the  conclusions  that  can  be  made  as  a result  of  the  experiments  and  modeling  effects  performed 
in  this  research  effort  are  summarized  below. 

The  effects  of  motion  cues  on  task  performance  and  pilot  response  behavior  are  strongly  dependent  on 
the  structure  of  the  tracking  task.  The  major  effect  of  motion  cues  in  a target-following  task  is  to 
allow  the  pilot  to  generate  low-frequency  phase  lead;  in  a disturbance-regulation  task,  the  main  effects 
are  more  phase  lead  (alternatively,  less  phase  lag)  at  high  frequencies  accompanied  by  an  increase  in 
gain-crossover  frequency. 

Furthermore,  in  a target  following  or  commanded  motion  condition  the  motion  cues  present  will  not 
have  a significant  impact  on  performance  unless  the  vehicle  being  controlled  is  unstable  or  of  high  order. 
On  the  other  hand  the  presence  of  disturbance  type  motion  cues  appear  to  have  a significant  effect  on 
performance  even  for  simply  controlled  or  low  order  vehicle  dynamics  because  of  the  alerting  nature  of 
the  cues. 

Because  of  the  strong  interaction  between  motion-cue  effects  and  task  structure,  a pilot-vehicle 
model  is  required  to  extrapolate  the  results  from  one  task  to  the  next. 

The  "optimal-control"  model  for  pilot-vehicle  systems  provides  a task-independent  framework  for 
accounting  for  the  pilot's  use  of  motion  cues.  Specifically,  the  availability  of  motion  cues  is  modeled 
by  augmenting  the  set  of  assumed  perceptual  variables  to  include  position,  rate,  acceleration,  and 
acceleration  rate  of  the  moving  vehicle. 

As  a result  of  our  modeling  effort  we  now  have  a predictive  motion  sensitive  pilot-vehicle  model 
for  the  roll  axis.  Ne  are  presently  making  use  of  this  model  and  the  knowledge  gained  from  our  experiments 
and  others  to  investigate  such  things  as  visual-motion  cue  mismatch  and  motion  simulator  washout  drive 
algorithms.  By  utilizing  a manual  control  technological  approach  we  plan  to  quantify  the  above  effects 
on  pilot  control  behavior  and  correlate  the  control  behavior  with  subjective  responses. 
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DISCUSSION 


DR.  H.  JEX  (USA) 

Ho*  does  the  finding  that  the  tilt  cue  was  important  in  your  experiments  relate  to 
the  flight  situation?  Would  those  same  cues  be  present  in  the  flight  case? 

AUTHOR'S  REPLY 

.As  it  turns  out,  this  is  why  we  wanted  to  explore  this  effect.  When  you  are  fly- 
ing an  aircraft  and  you  bank,  you  don't  Teel  yourself  tilting,  so  1 would  say  it 
is  a false  cue  effect  due  to  ground  based  simulation.  It  is  a cue  that  we  have 
to  remove  as  far  as  physically  sensing  it. 
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developed  for  the  evaluation  of  human  biodynamic  response,  performance  and  protection. 
The  thirty  papers  presented  at  the  Paris  meeting  of  the  Aerospace  Medical  Panel,  November 
1 978,  address  this  problem.  Most  cover  whole  body  kinematic  models  for  the  prediction  of 
body  motion,  as  well  as  spinal,  head-neck,  and  head  injury  models  for  the  prediction  of 
internal  stress,  strain  and  injury  probability  under  escape,  crash  and  windblast  conditions. 
Some  papers  describe  cardiovascular  models  of  human  response  to  acceleration  and  air- 
combat  manoeuvres.  A few  illustrate  applications  for  prediction  of  body  motion, 
physiological  response  and  injury  probability  under  biodynamic  stress,  providing  assistance 
in  development  of  protective  systems,  crashworthiness  and  cockpit  design. 
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head  injury  models  for  the  prediction  of  internal  stress,  strain  and  injury  probability  head  injury  models  for  the  prediction  of  internal  stress,  strain  and  injury  probability 
under  escape,  crash  and  windblast  conditions.  Some  papers  describe  cardiovascular  under  escape,  crash  and  windblast  conditions.  Some  papers  describe  cardiovascular 
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